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Lactic Acid Bacteria Genomes
Lactic acid bacteria (LAB) are a heterogeneous family of mainly low G+C Gram-positive, 
anaerobic, non-sporulating and acid-tolerant bacteria. They can ferment various nutrients in a 
homofermentative or heterofermentative fashion into primarily lactic acid, but also into by-products 
such as acetic acid, formic acid, ethanol and carbon dioxide. They contribute to rapid acidiﬁcation of 
food products, but also to ﬂavour, texture and nutrition1. 
LAB are naturally found in dairy, plant, meat and cereal fermentation environments, and have a 
long tradition of use as starter or adjunct cultures in industrial food and feed fermentations. Moreover, 
some LAB, as well as biﬁdobacteria, which belong to the high G+C Gram-positive bacteria, are found 
to be natural inhabitants of the gastro-intestinal tract in humans or other mammals. Some of them 
have been widely used as probiotics in various functional foods and claimed to stimulate the hosts’ 
health.
Over decades, LAB used for fermenting cheese, yoghurts, and other fermented dairy products 
have been extensively studied, also regarding to their contributions to the ﬂavour and texture of the 
product. However, the mechanisms of ﬂavour-formation by LAB on the genomic and molecular 
level are still poorly understood. Research of genetics and physiology of LAB may give a better 
fundamental understanding of industrial starter cultures with predictable and stable characteristics.
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Figure 1.1. Phylogenetic tree of LAB based on alignment of concatenated ribosomal proteins sequences. Bacillus subtilis was 
used as an outgroup. The tree was visualized by TreeView61.
In recent years, genome sequencing of food and health- related LAB has been booming1,2. 
Around forty LAB genomes have been fully sequenced, including the genera Lactobacilli, Lactococci, 
Streptococci, Pediococcus, Oenococcus and Leuconotoc (Table 1.1, Figure 1.1). In particular, the 
Joint Genome Institute has sequenced and published nine LAB genomes in 2006, which contributed 
signiﬁcantly to the phylogenetic and functional studies of LAB2.  The fully sequenced genomes bring 
numerous opportunities and challenges to bioinformaticians in the interpretation of encoded functions. 
For instance, the genome information will allow developing metabolic models and understanding 
regulation mechanisms. Eventually, revealing the genetic and metabolic potentials of LAB will 
provide leads for the improvement of industrial products, e.g. control of ﬂavours. 
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Table 1.1. Summary of genome sequencing of food lactic acid bacteria and some other industrially 
used food bacteria. (Adapted from our previous publication1  and updated to August  2009)
Species Strain GenBank code Size (Mb) %GC Origin/Use Status
 a Reference/ Sequencing Institution
Lactobacillus (Firmicutes)
acidophilus NCFM CP000033 1.99 34.7 probiotics P Altermann et al  (2005)37
brevis ATCC 367 CP000416 2.35 46.1 beer, sourdough P Makarova et al (2006)2, JGI b
casei ATCC 334 CP000423 2.93 46.6 swiss cheese P Makarova et al  (2006)2, JGI b
casei Shirota N.A. 3.04 46.3 probiotics NP Yakult, JP
casei DN-114 001 N.A. 3.14 46.3 dairy, probiotics NP Danone Vitapole, INRA, FR
casei BL23 FM177140 3.1 46.3 probiotics P INRA/CNRS, Caen Univ, FR
delbrueckii ssp. bulgaricus ATCC 11842 CR954253 1.86 49.7 yoghurt P Van de Guchte (2006) 38
delbrueckii ssp. bulgaricus ATCC BAA-365 CP000412 1.86 49.7 cheese, yoghurt P Makarova et al  (2006)2, JGI b
delbrueckii ssp. bulgaricus DN-100 107 N.A. 2.13 ? dairy, probiotics NP Danone Vitapole, FR
fermentum IFO 3956 AP008937 2.1 51.5 plant, probiotics P Morita et al (2008)39
gasseri ATCC 33323 CP000413 1.95 35.3 human, probiotics P Makarova et al  (2006)2, JGI b
helveticus CNRZ32 N.A. ~2.2 37.1 cheese ﬂavour NC Univ of Wisconsin, Chr. Hansen, USA
helveticus DPC4571 CP000517 2.05 27.1 cheese P Callanan et al (2008)40
helveticus CM4 N.A. 2.03 37.1 functional foods NP Calpis, Kitasato Univ, JP
johnsonii NCC 533 AE017198 1.99 34.6 probiotics P Pridmore et al (2004) 40
johnsonii FI9785 FN298497 1.83 35.8 poultry P Wegmann et al (2009)41
plantarum WCFS1 AL935263 3.34 44.4 human P Kleerebezem et al (2003)42
plantarum ATCC 14917 N.A. 3.21 44 plant NC Baylor College of Medicine, USA
plantarum JDM1 CP001617 3.2 44 human P Washington Univ., USA
reuteri ATCC 55730 N.A. ~2.0 ? human, probiotic NP
BioGaia; Swedish Univ of Agri Sci, 
SE
reuteri 100-23 N.A. ? ? rodent gut NC Univ Otago, NZ; JGI b
reuteri DSM20016 CP000705 2 38.9 human P Univ Otago, NZ; JGI b
reuteri JCM 1112 AP007281 2.03 38.9 human P Morita et al (2008)39
rhamnosus HN001 N.A. ~2.4 46.4 cheese NP Fonterra Research Centre, NZ
rhamnosus GG FM179322 3 46 probiotics P University of Helsinki, FI
rhamnosus Lc705 FM179322 3.06 46 probiotics P University of Helsinki, FI
sakei 23K CR936503 1.88 41.2 meat starter P Chaillou et al (2005)43
salivarius ssp. salivarius UCC118 CP000233 1.83 32.9 human, probiotic P Claesson et al (2006)44
Pediococcus (Firmicutes)
pentosaceus ATCC 25745 CP000422 1.83 37.3 cheese P Makarova et al  (2006)2, JGI b
Leuconostoc (Firmicutes)
mesenteroides ATCC 8293 CP000414 2.04 37.7 olives P Makarova et al  (2006)2, JGI b
mesenteroides KFRI N.A. ? ? kimchi NC Korean Food Research Institute, KR
    citreum KM20 DQ489736 1.9 38.9 kimchi P Kim et al (2009)44
Oenococcus (Firmicutes)
oeni PSU-1 CP000411 1.78 37.8 wine P Makarova et al  (2006)2, JGI b
oeni IOEB84.13 N.A. 1.75 37.9 wine C UMR-INRA and UA-INRA, FR
Lactococcus (Firmicutes)
lactis ssp. cremoris MG1363 AM406671 2.53 35.8
cheese, model 
strain P Wegmann et al (2007)45
lactis ssp. cremoris SK11 CP000425 2.56 35.8 cheese P Makarova et al  (2006)2, JGI b
lactis ssp. cremoris QA5 N.A. 2.51 35 dairy C INRA, FR
lactis ssp. lactis KF147 CP001834 2.60 34.9 plants NC Siezen et al (2010)46, NL
lactis ssp. lactis IL1403 AE005176 2.37 35.3
cheese, model 
strain P Bolotin  et al (2001)47
lactis ssp. lactis A12 N.A. 2.70 ? sourdough NC Univ. Toulouse, FR
Streptococcus (Firmicutes)
thermophilus CNRZ1066 CP000024 1.80 39.1 yoghurt P Bolotin et al (2004)48
thermophilus LMG18311 CP000023 1.80 39.1 yoghurt P Bolotin et al (2004)48
thermophilus DN-001 147 N.A. 1.82 39.1 dairy, probiotics NP Danone Vitapole, INRA, FR
thermophilus LMD-9 CP000419 1.86 39.1 yoghurt P Makarova et al  (2006)2, JGI b
Brevibacterium (Actinobacteria)
linens ATCC9174 N.A. ~4.2 62.8 vitamins, ﬂavour NC Utah State Univ, USA; JGI
Propionibacterium (Actinobacteria)
freudenreichii ATCC 6207 N.A. 2.64 67.4 vitamin B12 NP
DSM Food Specialties, Friesland 
Foods, NL
freudenreichii ssp. 
shermanii. ATCC 9614 N.A. ~2.7 67 swiss cheese NC INRA, FR
Biﬁdobacterium (Actinobacteria)
adolescentis ATCC 15703 AP009256 2.1 59.2 human, probiotics P Gifu Univ, JP
animalis ssp. lactis AD011 CP001213 1.9 60.5 probiotics P Kim et al (2009)49
animalis ssp. lactis BI-04 CP001515 1.94 60 human P Barrangou et al (2009)50
animalis ssp. lactis DSM 10140 CP001606 1.94 60 type strain P Barrangou et al (2009)50
animalis ssp. lactis DN-173 010 N.A. 1.94 60.5 dairy, probiotics NP Danone Vitapole, INRA, FR
animalis ssp. lactis BB-12® N.A. ~2.0 ? probiotic NP Chr. Hansen, DK
breve Yakult N.A. 2.35 58.6 probiotics NP Yakult, JP
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breve M-16V N.A. ~2.3 58.6 human, probiotics NP Morinaga Milk Industry, JP
breve UCC2003 N.A. 2.42 58.7 human, probiotics C Univ College Cork, IE
longum NCC2705 AE014295 2.26 60.1 human, probiotics P Schell et al (2005)51
longum BB536 N.A. ~2.4 59.4 human, probiotics NP Morinaga Milk Industry, JP
longum DJO10A CP000605 2.38 60.1 probiotics P Lee et al (2008)52, JGI b
longum ssp. infantis ATCC 15697 CP001095 2.8 59.9 human P Sela et al (2008)53, JGI b
longum biotype infantis M-63 N.A. ~2.9 59.4 human, probiotics NP Morinaga Milk Industry, JP
a P, Public; C, Complete (to be published); NC, Not Complete; NP, Not Public;  b JGI, Joint Genome Institute, US Department of Energy
Flavour-forming pathways in LAB
Flavour compounds produced by LAB are derived from various (bio)chemical pathways. Key 
ﬂavour components of a food product can be identiﬁed by a combination of separation of compounds 
by gas chromatography (GC) and analytical identiﬁcation by the human nose (olfactometry)3.  In 
cheese, the precursors of the key ﬂavour compounds include milk fats, milk proteins (caseins), and 
sugars (lactose) (Table 1.2).   In particular, degradation of casein is the most important biochemical 
pathway leading to formation of a large number of ﬂavours, e.g. alcohols, aldehydes, carboxylic 
acids etc. The conversion of casein to ﬂavours comprises of two steps: proteolysis and amino acid 
degradation (Figure 1.2).
Amino acids
peptidases
extracellular
intracellular
Peptides Amino acids
Caseins
proteinases
transport transport
                  Flavour compounds
(alcohols, aldehydes, carboxylic acids, esters, etc) 
Amino acids
Degradation
Proteolysis
Figure 1.2. General protein conversion 
pathway of LAB leading to ﬂavour 
formation, consisting of two parts, i.e. 
proteolysis and amino acids degradation.
Proteolysis
Proteolysis of casein by LAB is initiated by a cell-wall bound proteinase (PrtP) which degrades 
the protein into oligopeptides4,5. The oligopeptides are subsequently taken up by peptide transport 
systems, and further degraded into di/tri-peptides or amino acids by a set of intracellular peptidases6,7. 
The cell-wall bound proteinases have been characterized from several LAB, such as Lactococcus 
lactis, L. helveticus, L. rhamnosus, L. bulgaricus, and S. thermophilus7. In lactococci, they are 
usually encoded on a plasmid and in lactobacilli they are mostly genome-encoded. The prtP gene is 
sometimes adjacent to a gene encoding a membrane-bound lipoprotein (PrtM) that is responsible for 
the maturation of PrtP. However, it is reported that PrtM is not required for the maturation of PrtP in 
L. bulgaricus, where it is not found to be encoded in the ﬂanking region of the prtP gene8.  Peptides 
generated by the actions of PrtP extracellularly are imported into the cell by several transport systems 
of LAB. Oligopeptides are transported by the Opp system, whereas di/tri/tetra-peptides are transported 
by a proton motive force-driven transporter DtpT or an ATP-driven Dpp system9. After peptides are 
taken up into the cell, they are degraded into amino acids by concerted actions of peptidases including 
aminopeptidases that cleave amino acids from the N-terminus of the peptides, endopeptidases that 
act on the internal peptide bonds, di- and tri-peptidases that degrade di- and tri-peptides respectively, 
as well as proline-speciﬁc peptidases which hydrolyze peptides carrying proline residues10. Multiple 
copies of peptidases can be encoded in one bacterial genome, for instance L. helveticus encodes 
three PepO paralogs which are important for the bacteria’s ability to reduce bitterness in cheese by 
degrading bitter peptides11. 
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Table 1.2.  Overview of cheese key ﬂavour components derived from amino acid metabolism. a
Flavour compoundsb Descriptionc Possible precursor Type of cheese
Alcohols
3-Methylbutanol Fresh cheese, breathtaking, alcoholic Leucine Gouda
2-Phenylethanol Flowery Phenylalanine Gouda
Octenol (1-octen-3-ol) Mushroom Fatty acids Camembert, Mozzarella
2-Heptanol Mushroom NA Gorgonzola, Grana Padano
2-Butanol Wine NA Camembert
Aldehydes
3-Methylbutanal Malty, powerful, cheese Leucine Gouda, Cheddar, Camembert, 
Emmental, Swiss (Maasdam)
2-Methylpropanal Banana, malty, chocolate like Valine Parmigiano Reggiano
Acetaldehyde Pungent, ethereal Combined pathways Swiss, Cantalet, Manchego, Feta
Phenylacetaldehyde (phenylethanal) Hawthorne, honey, sweet Phenylalanine Camembert, Gruyere
Nonanal Fat, citrus, green NA Grana Padano, Mozzarella
Ketones
2-Heptanone Fruity, spicy Fatty acids Emmental, Gorgonzola
2-Nonanone Fruity, ﬂoral Fatty acids Ragusano
Acetoin (3-hydroxy-2-butanone) Buttery Pyruvate Cheddar
1-Octen-3-one (octenone) Mushroom Fatty acids? Cheddar, Camembert, Emmental, 
Ragusano
Phenethyl acetate (2-phenylethyl acetate) Rose, honey, tobacco Combined pathways Camembert, Swiss (Maasdam)
2-Undecanone Orange, fresh, green Fat? Camembert
Diacetyl (2,3-Butanedione) Buttery, strong Sugar, Aspartic acid Gouda, Cheddar, Camembert, 
Emmental, Swiss (Maasdam)
δ-Dodecalactone Fatty, peach Fatty acids? Gouda, Cheddar 
γ-Dodecalactone Fatty, peach Fatty acids? Gouda
δ-Decalactone Coconut NA Gouda, Camembert, Emmental
γ-Decalactone Peach, fat NA Camembert
4-Hydroxy-2,5-dimethyl-3(2H)-furanone 
(furaneol™)
Cotton candy, caramel Amino acids+ 
carbonylcompounds 
Gouda, Cheddar, Emmental
5-Ethyl-2-methyl-4-hydroxy-3(2H)-
furanone (methylfuranone, homofuranone)
Cotton candy, caramel Amino acids+ 
carbonylcompounds 
Gouda, Cheddar, Emmental
Fatty acids
3-Methylbutanoic acid  (Isovaleric acid) Sweet, cheese Leucine Gouda, Cheddar, Camembert, 
Goat cheese
Acetic acid Sour Pyruvate Gouda, Cheddar
Butanoic acid (Butyric acid) Rancid, cheese sweaty, butter Fatty acids Gouda, Cheddar, Camembert
Pentanoic acid Sweaty Fatty acids Gouda, Cheddar (aged)
2-Methylbutanoic acid Sweaty Isoleucine Gouda
2-Methylpropanoic acid (isobutyric acid) Sour, sweet Valine Gouda
Phenylacetic acid Bee wax honey Phenylalanine Gouda
Propionic acid (Propanoic acid) pungent, rancid, soy Sugar Cheddar, Emmental, Swiss 
(Maasdam)
Esters
Ethylbutanoate (ethyl-3-methylbutanoate, 
ethyl butyrate)
Fruity Combined pathways
(Leucine+ethanol)
Gouda, Cheddar, Emmental, 
Swiss (Maasdam)
Ethyl caproate (ethyl hexanoate) Fruity Combined pathways Cheddar, Swiss (Maasdam), 
Grana Padano, Emmental
Ethyl-3-methylbutanoate (ethyl isovalerate) Fruity Combined pathways Swiss (Maasdam)
Sulfur compounds
DMDS (dimethyldisulphide) Onion Methionine Cheddar
DMTS (dimethyltrisulphide) Garlic note, cabbage Methionine Cheddar, Camembert, Gouda
DMS (dimethylsulphide) Cabbage Methionine Camembert, Cheddar, Swiss, 
Gouda
3-Methyl(thio)propionaldehyde (Methional) Boiled potato Methionine Gouda, Cheddar, Camembert, 
Emmental, Swiss (Maasdam)
Methanethiol Gasoline, garlic Methionine Cheddar, Gouda, Camembert
Skatole (3-methyl-1H-indole) Mothball, faecal Tryptophan Swiss (Maasdam), Emmental
a. Data shown in this table were derived from the following references 3,54-59, N.A., not known.
b. Alternative compound names are in brackets
c. Additional information on ﬂavour description (aroma notes) of compounds was obtained from “Gas chromatography - olfactometry (GCO) 
of natural products” 60
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Amino Acid Degradation
Amino acids released by proteolysis or taken up directly from the environment are necessary 
for bacterial growth, and meanwhile their catabolism produces various ﬂavour compounds (Figure 
1.2).  In particular, branched-chain amino acids (i.e. Val, Leu, Ile), aromatic amino acids (i.e. Phe, 
Tyr, Trp) and sulfuric amino acids (i.e. Cys, Met) are the main sources of ﬂavours derived from milk 
protein. The ﬁrst step of amino acid catabolism leading to ﬂavour formation could be transamination 
or elimination, by LAB encoding transaminases or lyases, respectively.  α-Keto acids formed by 
transamination reactions can be further converted by keto acid decarboxylase, dehydrolases, or via 
oxidative decarboxylation into ﬂavour components such as aldehydes, carboxylic acids, alcohols3. 
Hydroxy acids are also formed by this route, but do not contribute to the sensory proﬁle. Elimination 
is the second ﬂavour-forming route for synthesizing sulfuric ﬂavours from methionine.  In LAB, the 
elimination route is initiated by C-S lyases such as cystathionine β- and γ-lyases which directly release 
methanethiol from methionine12. Methanethiol is further converted to volatile sulfur compounds 
or to thioesters by reacting with carboxylic acids. Furthermore, chemical conversions also play 
an important role in ﬂavour formation, although most of the known ﬂavour-forming reactions are 
enzymatic. For example, the ﬂavour compound phenylpyruvic acid (α-keto acid of Phe) can be 
chemically converted to benzaldehyde13. Similarly, two analogous chemical reactions, conversion of 
α-keto-γ-methylthiobutyrate (α-keto acid of Met) to methylsulfanyl-acetaldehyde and conversion of 
α-ketoisocaproate (α-keto acid of Leu) to 2-methylpropanal have been characterized by Bonnarme et 
al.14 and Smit et al.15, respectively. 
To conclude, in fermented dairy products such as cheese, the breakdown of casein is one 
of the main pathways contributing to ﬂavour formation by LAB. A study into the diversity of these 
pathways can provide important insights for predicting ﬂavour-forming potentials of LAB.
Computational genomics analyses
Comparative genomics analyses
One of the fundamental evolutionary relationships of life is based on conserved genetic elements 
(DNA) which underlie functional similarities between species. It allows the use of comparative 
genomics analyses (comparison of genomes from different species or strains) to predict the function 
of unknown genes by transferring the function from characterized ones, a process called functional 
“annotation”. Those functional equivalents from different genomes usually belong to a single ortholog 
group. Orthologs are genes which diverge via speciation events during evolution, in contrast to the 
concept of paralogs which evolve via duplication events. Both orthologs and paralogs are homologs, 
that is evolutionarily related genes (Figure 1.3). Orthologs share the same function whereas paralogs 
often present distinct related functionalities, except for the case of in-paralogs which are genes arisen 
by duplication after the speciation event (Figure 1.3).  
The most commonly used method for annotation is searching for best homologs in the sequence 
database using the BLAST tools16. However, BLAST often retrieves false positives especially for 
those orthologs groups within one large protein superfamily which share different levels of sequence 
similarity.   Orthologous groups can also be identiﬁed by bi-directional best hits methods, such as 
the tool InParanoid17. The best method however is to explore the evolution of protein families, for 
example by phylogenetic tree analysis18,19. Moreover, the conservation information of gene context 
can be used to assist in the prediction of orthologs18.
Comparative genomics analyses can also be applied for the identiﬁcation of transcriptional 
factor binding motifs. When orthologs share the same gene context, they are more likely to be 
functionally equivalent and share equivalent regulatory sites19. Thus, orthologous groups can be 
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divided into subgroups, each of which contains a conserved gene context. Then, searches for conserved 
regulatory motifs can be preformed by comparing upstream regions of gene members within each 
subgroup. Motif detection methods include manual identiﬁcation via multiple sequence alignments 
or using probabilistic models such as MEME20. 
Horizontal gene transfer analyses
Horizontal gene transfer (HGT, also called lateral gene transfer) is deﬁned as the exchange 
of genetic elements between phylogenetically unrelated organisms. It is considered to play a major 
role in bacterial evolution during their adaptation to different environments21. Because HGT events 
have occurred over a long time period, the history of HGT is difﬁcult to be discovered by wet-lab 
experiments. Instead, various computational methods have been applied to infer the HGT events as 
molecular footprints on the genomes.
The most common approaches to identify HGT are phylogenetic and compositional methods. 
By analyzing the genes in multiple taxa, HGT can be inferred by comparing the phylogeny of the 
protein family and the phylogeny of the species evolutionary tree (e.g. 16s RNA tree) (Figures 1.1 and 
1.3). If genes from phylogenetically distantly-related species are clustered together in a gene family 
tree, it suggests that one of the genes might be acquired by HGT. Compositional methods examine 
sequence characteristics such as GC content, amino acid usage, the codon usage, and dinucleotide 
usage. Other approaches include identiﬁcation of genomic islands by comparing closely related 
strains22 or identiﬁcation of HGT mechanisms e.g. detection of mobile elements23. Each method, 
however, may only detect a subset of horizontally transferred genes or brings in some false positives 
if performed individually.  Combining different computational approaches to complement each other 
may provide better predictions of the HGT events. 
Lc_geneA
St_geneA
Lb_geneA
Lp_geneA
La_geneA
Lj_geneA
Lb_geneB
Lp_geneB
La_geneB
Lj_geneB
St_geneB
Lc_geneB1
Lc_geneB2
orthologs
paralogs
inparalogs
HGT
homologs
Figure 1.3. Example of homolog, ortholog, paralog and inparalog relationships. St. for Streptococcus thermophilus; Lb, La, Lj, Lp 
for lactobacillus strains: L. bulgaricu, L. acidophilus, L. johnsonii, L. plantarum, respectively; Lc. for Lactococcus lactis. All the genes 
shown in the tree are homologs. Gene A from those bacteria are shown as examples of ortholog relationships. Gene A and gene B from 
Lp are out-paralogs. Gene B1 is inparalogs relative to gene B2 from Lc (L. lactis). As St (S. thermophilus) is evolutionally more closely 
related to Lc (L. lactis), a horizontal gene transfer (HGT) event can be identiﬁed between gene A from the two bacteria. The HGT event 
is indicated by a dashed arrow. Squares represent duplication events, while circles represent speciation events.
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Metabolic pathway reconstruction
Genome-scale reconstruction of metabolic pathways begins with gene annotations of a 
fully sequenced genome. Enzymes encoded by the genes are then assigned to the reactions in the 
metabolic networks by utilizing various databases such as BRENDA24 and KEGG25, and thereby a 
draft biochemical network can be constructed. Such reconstructed networks should be curated by 
various experimental data, e.g. genetic data (mutation studies), biochemical data (measured enzyme 
activity), or physiological data (substrate dependency), etc.26 Once the stoichiometric networks have 
been reconstructed and curated (in LAB, models of L. plantarum, L. lactis, and S. thermophilus are 
available27-29), they can serve as a predictive model and may be applied to answer speciﬁc questions 
by various computational analyses. Pathway structure analyses include constraint-based ﬂux-balance 
analyses of a genome-scale model, and elementary mode analysis using tools such as MetaTool30. 
The analyses can be used for various applications e.g. phenotype prediction, experimental data 
interpretation and metabolic engineering31. 
However, sometimes those genome-scale models are incomplete, especially regarding to gaps 
in the non-essential pathways. Only a few of the gaps can be ﬁlled by computational methods or manual 
curation32. Completion of the gaps in these incomplete networks requires prediction of novel reactions 
or unknown pathways. Several algorithms have been developed to propose new pathways which are 
missing from the model. For example, UM-PPS (University of Minnesota Pathway Prediction System, 
http://umbbd.msi.umn.edu/predict/) system33 predicts plausible pathways for microbial degradation 
of chemical compounds. The predictions use biotransformation rules, based on reactions found in 
the UM-BBD (University of Minnesota Biocatalysis/Biodegradation Database) database34 or in the 
scientiﬁc literature. Other retrosynthesis tools include Route Designer35, which predicts chemical 
reactions using organic chemistry transformation rules, and ReBiT (Retro-Biosynthesis Tool)36, a 
database for identiﬁcation of enzymes in the plausible pathways.
Outline of thesis
This thesis studies and compares the genome content of a group of gram-positive micro-
organisms, the lactic acid bacteria (LAB), which are important for the food industry, in particular the 
dairy industry. In order to improve the control of the product characteristics, especially the ﬂavour 
and taste of dairy products, the metabolic potential of LAB was predicted with various bioinformatics 
and/or chemoinformatics methods. Flavour-forming pathways from protein are studied in chapters 
2, 3 and 4, with regards to gene diversity and transcriptional regulation. A novel approach has been 
introduced in chapter 5 to reconstruct the metabolic routes starting from the ﬂavour compounds by 
reverse pathway engineering. From a different angle, chapter 6 explores the proto-cooperation of 
two yoghurt bacteria on a genetic level.     
Chapter 2 describes a comprehensive comparative genomics study of the proteolytic system in 
lactic acid bacteria (LAB), which initiates ﬂavour formation from milk protein. Protein 3D structures 
have been compared and superimposed to improve functional annotation of a protein superfamily 
which contains peptidases PepI/PepR/PepL and esterases EstA. A diverse distribution of proteolytic 
system components in strains of Lactococcus lactis has been identiﬁed based on PanGenome 
comparative genome hybridization (CGH) analysis.
Following the proteolysis of LAB, amino acids are further converted to ﬂavour compounds. 
In chapter 3, we perform a comparative genomics analysis on genes which encode enzymes involved 
in amino acid degradation pathways, especially in branched-chain amino acids, aromatic amino acids 
and sulfur-containing amino acids metabolism. Annotations of these genes have been improved 
by combining analyses of phylogeny, gene context and literature evidence. The distribution of the 
enzymes are found to vary considerably between species and sometimes between strains, and in 
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general agreed with different ﬂavour-forming capacities of these LAB. The predicted potential of 
ﬂavour-formation can provide an excellent framework to guide future experimental validation.
Chapter 4 describes the comparative analysis of the transcriptional mechanisms regulating 
the sulfur-containing amino acid metabolism in LAB. Various regulatory mechanisms have been 
found for different enzymes in different microorganisms, including regulatory proteins and RNA 
riboswitches. Binding motifs for CmbR and MetR/MtaR were reﬁned in lactococci and streptococci. 
Novel putative regulatory motifs were found from upstream regions of several genes in some LAB 
strains.
Chapter 5 describes a novel approach “Reverse Pathway Engineering (RPE)”  which combines 
chemoinformatics and bioinformatics analyses to predict the missing links between target compounds 
and their possible metabolic precursors. Using the RPE approach, plausible chemical or enzymatic 
reactions can be proposed by restrosynthesis methods, and putative enzymes for catalyzing the 
enzymatic reactions can be predicted by bioinformatics analyses. Several ﬂavour-forming pathways 
have been explored using the approach. As a positive control, the previously characterized degradation 
routes of leucine to ﬂavour components were successfully predicted. Some novel enzymatic reactions 
and the putative enzymes in LAB were identiﬁed, such as the conversion of α-hydroxyisocaproate to 
3-methylbutanoic acid in the leucine degradation pathway and the formation of dimethylsulﬁde from 
methanethiol in the methionine degradation pathway. 
Moreover, a study on proto-cooperation of yoghurt starter Lactobacillus delbrueckii ssp. 
bulgaricus (L. bulgaricus) and Streptococcus thermophilus, is presented in chapter 6. The new insights 
into proto-cooperation on the genetic level can be revealed by horizontal gene transfer (HGT) events 
between the bacteria. We performed an in silico analysis, combining gene composition evidence, 
i.e. GC content and dinucleotide composition, and gene transfer mechanism associated evidence, in 
order to predict horizontally transferred genes in both bacterial genomes. Several exopolysaccharide 
(EPS) biosynthesis genes are proposed to be transferred from S. thermophilus to L. bulgaricus, and 
the gene cluster cbs-cblB/cglB-cysE for metabolism of sulfur-containing amino acids was identiﬁed 
to be transferred from L. bulgaricus or L. helveticus to S. thermophilus.
Chapter 7 summarizes the main conclusions of this thesis and provides perspectives on 
further studies and future applications.
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 知之者不如好之者，好之者不如乐之者。
      - 论语
 They who know the truth are not equal to those who love it, and they who love it are not equal to 
those who delight in it.
          - Confucian Analects
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Abstract
Background
Lactic acid bacteria (LAB) are a group of gram-positive, lactic acid producing Firmicutes. 
They have been extensively used in food fermentations, including the production of various dairy 
products. The proteolytic system of LAB converts proteins to peptides and then to amino acids, 
which is essential for bacterial growth and also contributes signiﬁcantly to ﬂavor compounds as end-
products. Recent developments in high-throughput genome sequencing and comparative genomics 
hybridization arrays provide us with opportunities to explore the diversity of the proteolytic system 
in various LAB strains.
Results
We performed a genome-wide comparative genomics analysis of proteolytic system 
components, including cell-wall bound proteinase, peptide transporters and peptidases, in 22 sequenced 
LAB strains. The peptidase families PepP/PepQ/PepM, PepD and PepI/PepR/PepL are described as 
examples of our in silico approach to reﬁne the distinction of subfamilies with different enzymatic 
activities. Comparison of protein 3D structures of proline peptidases PepI/PepR/PepL and esterase 
A allowed identiﬁcation of a conserved core structure, which was then used to improve phylogenetic 
analysis and functional annotation within this protein superfamily.  
The diversity of proteolytic system components in 39 Lactococcus lactis strains was explored 
using pangenome comparative genome hybridization analysis. Variations were observed in the 
proteinase PrtP and its maturation protein PrtM, in one of the Opp transport systems and in several 
peptidases between strains from different Lactococcus subspecies or from different origin.
Conclusions
The improved functional annotation of the proteolytic system components provides an excellent 
framework for future experimental validations of predicted enzymatic activities. The genome sequence 
data can be coupled to other “omics” data e.g. transcriptomics and metabolomics for prediction of 
proteolytic and ﬂavor-forming potential of LAB strains.  Such an integrated approach can be used to 
tune the strain selection process in food fermentations.
Background
Lactic acid bacteria (LAB) have been used for centuries as starter or adjunct cultures in dairy 
fermentations. The breakdown of milk proteins (proteolysis) by LAB plays an important role in 
generating peptides and amino acids for bacterial growth and in the formation of metabolites that 
contribute to ﬂavor formation of fermented products. The proteolytic system of LAB comprises three 
major components: (i) cell-wall bound proteinase that initiates the degradation of extracellular casein 
(milk protein) into oligopeptides, (ii) peptide transporters that take up the peptides into the cell, and 
(iii) various intracellular peptidases that degrade the peptides into shorter peptides and amino acids. 
In particular, as caseins are rich in proline, LAB have numerous proline peptidases for degrading 
proline-rich peptides [1-3]. Amino acids can be further converted into various ﬂavor compounds, 
such as aldehydes, alcohols and esters [4]. 
Several reviews have described the proteolytic system of LAB with respect to their biochemical 
and genetic aspects [1, 5-8]. In the past ten years, however, many LAB genomes have been sequenced, 
which allows a thorough comparative analysis of their proteolytic systems at a genome scale. In a 
preliminary study, we described a comparative analysis of cell-wall-bound proteinase and various 
peptidases from 13 fully or incompletely sequenced LAB which were publicly available in May 2006 
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[9]. More recently, over ten additional LAB genomes have become publicly available. These include 
8 LAB strains from the Joint Genome Institute and the LAB Genome Consortium [10], the model 
laboratory strain Lactococcus lactis subsp. cremoris MG1363 [11], a Lactobacillus helveticus strain 
[12] which is known for its proteolytic capacity as an adjunct culture in cheese, and the probiotic 
strain Lactobacillus rhamnosus GG [13].  Furthermore, a recent comparative genome hybridization 
(CGH)  analysis of 39 L. lactis strains [14] provides opportunities to explore the diversity of the 
proteolytic system within the same species. 
In this study, we systematically explored the diversity of the cell-wall bound proteinase, 
the peptidases and the peptide transporters in twenty-two completely sequenced LAB strains. The 
distinctions between subgroups in large peptidase families such as the PepP/PepQ/PepM family, the 
PepD family and the PepI/PepR/PepL family are described in detail as examples. The PepI/PepR/
PepL family was compared with the EstA family of esterases, the key enzyme for synthesizing various 
ester ﬂavors [4, 15], since the members of these two families share sequence and structure homology. 
Furthermore, the results from comparative genomics analysis were used to explore the diversity of 
members of the proteolytic system in 39 Lactococcus lactis strains by pangenome CGH analysis 
[14]. 
Methods
Comparative genome analyses and orthologous groups identiﬁcation
Complete genome sequences of LAB were obtained from the NCBI microbial genome database 
(http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi). The genomes include: Lactobacillus acidophilus 
NCFM (abbreviation LAC, accession code CP000033), Lactobacillus johnsonii NCC 533 (LJO, 
AE017198), Lactobacillus gasseri ATCC 33323 (LGA, CP000413), Lactobacillus delbrueckii subsp. 
bulgaricus ATCC 11842 (LDB, CR954253), Lactobacillus delbrueckii subsp. bulgaricus ATCC 
BAA365 (LBU, CP000412), Lactobacillus plantarum WCFS1 (LPL, AL935263), Lactobacillus brevis 
ATCC 367 (LBE, CP000416), Lactobacillus sakei 23K (LSK, CR936503), Lactobacillus salivarius 
UCC118 (LSL, CP000233), Oenococcus oeni PSU1 (OOE, CP000411), Pediococcus pentosaceus 
ATCC 25745 (PPE, CP000422), Leuconostoc mesenteroides ATCC 8293 (LME, CP000414), 
Lactobacillus casei ATCC 334 (LCA, CP000423), Lactococcus lactis subsp. lactis IL1403 (LLX, 
AE005176), Lactococcus lactis subsp. cremoris MG1363 (LLM, AM406671),  Lactococcus lactis 
subsp. cremoris SK11 (LLA, CP000425), Streptococcus thermophilus CNRZ1066 (STH, CP000024), 
Streptococcus thermophilus LMG18311 (STU, CP000023), Streptococcus thermophilus LMD9 (STM, 
CP000419), Lactobacillus reuteri F275 (LRF, CP000705), Lactobacillus helveticus DPC 4571 (LHE, 
CP000517) and Lactobacillus rhamnosus GG (LRH, FM179322). Incomplete genome sequences of 
Lactococcus lactis subsp. lactis strains KF147 and KF282 [16] were additionally used for analysis of 
L. lactis strain diversity by pangenome CGH analysis [14].
Protein sequences of experimentally veriﬁed proteolytic system members, i.e. cell-wall bound 
proteinase, various peptidases and peptide transporters, were derived from the non-redundant protein 
database Uniprot (http://www.uniprot.org/) [17].  These sequences were used to perform a BLASTP 
[18] search against all LAB genomes. The corresponding Hidden Markov Models (HMMs) of each 
protein family were obtained from the Pfam database [19] and utilized to search for homologous 
genes using the HMMER 2.3.2 package (http://hmmer.janelia.org/). The homologous sequences of 
each proteinase, peptidase and peptide transporter were collected on basis of the BLAST and HMM 
search results and redundancies were removed. Orthologous groups (subfamilies) were identiﬁed by 
an in-house developed method [4, 20].  Multiple sequence alignments (MSA) were generated for each 
homologous group using MUSCLE [21]. Bootstrapped (n=1000) neighbor-joining family trees were 
constructed with ClustalW [22]. The trees were visualized in LOFT [23] and orthologous groups were 
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identiﬁed. The gene contexts were analyzed using the ERGO Bioinformatics Suite [24] to improve 
ortholog prediction when necessary. 
3D structure alignment
Peptidases PepI/PepR/PepL and esterase EstA belong to the same protein superfamily, but they 
possess different functionalities. In order to identify substrate speciﬁcity of each protein subfamily, a 
comparison of known protein 3D structures was carried out. As described above, protein sequences 
of experimentally characterized peptidases PepI, PepR, and PepL, together with EstA esterases were 
used to search against all the sequenced LAB genomes and other prokaryote genomes in the NCBI 
database by BLASTP [18]. Moreover, the HMM of the protein α/β hydrolase fold PF00561 from the 
Pfam database [19], to which PepI/PepR/PepL and EstA belong, was used to search against LAB 
genomes. Homologs of both PepI/PepR/PepL and EstA families were collected. Similarly, the protein 
sequences of experimentally veriﬁed PepI/PepR/PepL and EstA members were used for BLAST 
searches against the PDB database (http://www.rcsb.org/pdb/) [25]. The protein sequences, as well 
as the 3D structures of the best BLAST hits were collected. Other proteins with similar structures 
were retrieved by the Dali server (http://ekhidna.biocenter.helsinki.ﬁ/dali_server/) using the protein 
structures of the BLAST hits as input. 
The retrieved 3D structures of the proteins used as templates in this study are: the tricorn 
interacting factor F1 with proline iminopeptidase (PIP) activity from Thermoplasma acidophilum 
(PDB ID: 1MTZ), proline iminopeptidases from Xanthomonas campestris pv. citri (PDB ID: 1AZW) 
and Serratia marcescens (PDB ID: 1WM1) as members of PepI/R/L subfamilies, and the esterase 
(PDB ID: 2UZ0) from Streptococcus pneumoniae which belongs to the EstA subfamily. These 3D 
structures were superimposed and visualized by the YASARA program (version 6.813, http://www.
yasara.org/). Conserved superimposable regions (core regions) of the catalytic domain were identiﬁed 
based on the 3D-structure alignment, and these consisted of 4 discontinuous sequence segments that 
are connected by loops of variable structure. 
The amino acid sequences of the four core region segments were aligned with MUSCLE 
or ClustalW as described [26]. The alignments were manually curated for ambiguously aligned 
sequences compared to the 3D-structure alignment. Sequences with more than 90% identity were 
removed. Finally, a MSA was constructed based on concatenated alignments of all the curated local 
alignments of the core regions [see Additional File 1]. A bootstrapped (n=1000) neighbor-joining tree 
on basis of the MSA was constructed and orthologous groups, so-called subfamilies, were identiﬁed 
automatically by LOFT. 
Pangenome CGH diversity analysis
Comparative genome hybridization (CGH) data of 39 L. lactis strains was acquired from 
pangenome arrays [14]. The pangenome array was constructed on basis of publicly available complete 
genome sequences of L. lactis subsp. lactis IL1403, L. lactis subsp. cremoris SK11, and incomplete 
genome sequences of L. lactis strains KF147 and KF282, as described by Bayjanov et al. [14]. The 
CGH data used in this study can be found under the accession number GSE12638 in the NCBI GEO 
(NCBI Gene Expression Omnibus) database (http://www.ncbi.nlm.nih.gov/projects/geo/query/acc.
cgi?acc=GSE12638).
The genes encoding predicted proteolytic system components of the three sequenced L. lactis 
strains were used to query the database containing pangenome CGH data. We obtained a statistical 
score of the hybridization signal for each gene from the reference strains against 39 L. lactis strains. 
A cut-off value 5.5 was used to assign presence or absence of every gene from the proteolytic system 
in query strains, as described by Bayjanov et al. [14]. In most cases, a gene is regarded present in a 
speciﬁc strain if it has a maximum score higher than 5.5 [14].
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Results 
The distribution of proteolytic system components in sequenced LAB genomes 
An overview of the distribution of components of the proteolytic system identiﬁed in 22 
completely sequenced LAB is given in Figure 2.1. A detailed list of genes with GI codes can be found 
in Additional File 2. The number of genes encoding putative members of each proteinase, peptide 
transporter and peptidase subfamily are shown. 
The LAB genomes in the L. acidophilus group [4], including L. acidophilus, L. johnsonii, 
L. gasseri, L. bulgaricus, and L. helveticus strains, encode a relatively higher number and variety of 
proteolytic system components. Some enzymes are only found in a few LAB strains, such as the cell-
wall bound proteinase (PrtP). PrtP was only found on the chromosome of L. acidophilus, L. johnsonii, 
L. bulgaricus, L. casei, L. rhamnosus and S. thermophilus strain LMD9, as well as on the plasmid 
of L. lactis subsp. cremoris SK11 [27]. Members of both the PepE/PepG (endopeptidases) and PepI/
PepR/PepL (proline peptidases) superfamilies are absent in lactococci and streptococci. On the other 
hand, many of the peptidases seem to be essential for bacterial growth or survival as they are encoded 
in all LAB genomes. For instance, aminopeptidases PepC, PepN, and PepM, and proline peptidases 
PepX and PepQ are present in all genomes, usually with one gene per genome. Some LAB genomes 
have two peptidase homologs, possibly with the same function (shown in brackets in Figure 2.1), e.g. 
two PepC homologs (GI codes: 42518641 and 42518638) in L. johnsonii. Other essential peptidases 
(found in all LAB genomes) such as endopeptidase PepO and dipeptidase PepV are encoded by 
multiple paralogous genes.
L. acidophilus, L. brevis, L. casei, L. rhamnosus and L. lactis strains possess all three known 
LAB peptide transport systems, i.e. the di/tripeptide Dpp and DtpT systems and the oligopeptide Opp 
system [5]. In contrast, L. reuteri strain only has one functional peptide transport system, the DtpT 
system. Several peptide transporters or peptidases fall into larger protein superfamilies. Examples are 
(i) the oligopeptide-binding protein OppA and di/tripeptide-binding proteins DppA/DppP in the same 
peptide-binding protein family, (ii) aminopeptidase PepC together with endopeptidases PepE and 
PepG belonging to MEROPS peptidase family C1-B, (iii) proline peptidases PepI, PepR and PepL 
belonging to MEROPS family S33, and (iv) aminopeptidase PepM together with proline peptidases 
PepP and PepQ belonging to MEROPS family M24 (Figure 2.1). Protein members in those large 
superfamilies share high sequence similarity, and cannot always be distinguished by simple BLAST 
sequence homology searches. Using a comparative genomics approach, the large protein families 
can be divided into subfamilies with putatively different substrate speciﬁcities. For example, the 
aminopeptidase PepC subfamily can be clearly distinguished from the endopeptidase PepE/PepG 
subfamily as they are separated into distinct groups in a superfamily tree [9]. In other cases, such as 
the endopeptidase PepF family, several distinct subgroups can be distinguished but the difference in 
speciﬁcity between the subgroups is still unclear [see Additional File 3].
Three large peptidase families (PepP/PepQ/PepM, PepD and PepI/PepR/PepL) will be 
discussed in detail in the following sections.                   
Subfamilies of peptidase family PepP/PepQ/PepM
PepP, PepQ and PepM belong to the MEROPS peptidase family M24 which requires metal 
ions for catalytic activity.  PepM is a methionyl aminopeptidase cleaving N-terminal methionine from 
proteins. PepP is a member of the proline peptidases which cleave off any N-terminal amino acid 
linked to proline in an oligopeptide. PepQ is also a proline peptidase, however speciﬁc for Xaa-Pro 
dipeptides, where Xaa represents any amino acid (Figure 2.1) 
Our phylogenetic analysis shows that PepP, PepQ and PepM are separated into three distinct 
subgroups in accordance with the known different substrate speciﬁcities of each peptidase (Figure 
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2.2). PepP and PepQ seem to be more closely related than PepM on the basis of the family tree, which 
is in agreement with the differences in their catalytic activities. Bacterial PepM is an aminopeptidase 
belonging to subfamily M24A which usually requires cobalt ions for catalysis, while PepP and PepQ 
as proline peptidases belong to the subfamily M24B which prefers manganese [1].   
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Figure 2.2. Superfamily tree of PepP/PepQ/PepM members in LAB. Genome abbreviations can be found in “Methods”. For 
each gene, the organism abbreviations are followed by GI codes. Homologs from two non-LAB strains are also included, CBO for 
Clostridium botulinum F str. Langeland and ECO for E. coli. Experimentally characterized genes are highlighted by the dots following 
the gene names. Small circles represent the speciation events, and squares represent duplication events. 
In the PepP subgroup, one gene is found in each LAB genome except in L. sakei and 
Pediococcus pentosaceus. The absence of the pepP genes in both genomes is very likely due to a gene 
loss event. The family tree also includes an experimentally veriﬁed pepP gene from L. lactis whose 
protein product has been puriﬁed and characterized [28]. Moreover, LAB-derived pepP genes are 
always ﬂanked on the chromosome by a gene encoding an elongation factor for protein translation. 
The conserved gene context of pepP among LAB genomes is consistent with the putative important 
physiological role of PepP in protein maturation, as suggested by Matos et al. [28]. 
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Genes from the PepQ cluster are distributed equally in all LAB genomes, generally as one 
copy per genome. However, the L. delbrueckii bulgaricus strains have two pepQ paralogs. One 
paralog is clustered with the other orthologs of LAB, whereas the second paralog is located in a 
separate cluster (LBU_116514595 and LDB_104774485). This might be the result of an ancient 
duplication (Figure 2.2) or horizontal gene transfer (HGT) event. Rantanen et al. suggested that the 
second paralogous pepQ of L. bulgaricus is a cryptic gene [29]. Experimentally characterized pepQ 
genes from L. delbrueckii bulgaricus [30] and L. helveticus (GI: 3282339) are added and highlighted 
in the tree, supporting the annotation of the subgroups. 
In the aminopeptidase PepM subgroup, L. brevis has an extra paralogous gene, which clusters 
together with the L. plantarum pepM gene. Gene context analysis suggests that pepM genes in all 
Lactobacillus strains share the same neighbor genes, except the pepM gene from L. plantarum and 
both the paralogs from L. brevis. One of the L. brevis pepM genes (LBE_116334483) is located in 
the same operon as a transposase. Based on the protein family tree, we hypothesize that an extra 
pepM gene was acquired ﬁrst in the ancestor of L. brevis and L. plantarum, after which one gene was 
lost from L. plantarum. The L. plantarum pepM gene (LPL_28377183) is ﬂanked by a methionine 
metabolism related operon (cysK_cblB/cglB_cysE). Therefore, the pepM gene in L. plantarum may 
have a broader function, probably utilizing proteins and peptides as methionine pool, in addition to 
the classic PepM function for N-terminal maturation of proteins.  
One gene from Leuconostoc mesenteroides (LME_116618966) is located as an intermediate 
between the PepP/PepQ and PepM subfamilies. It shares higher sequence homology with a 
putative pepP gene from Clostridium botulinum (Figure 2.2) and has a phage-related gene in its 
neighborhood. This suggests that the pepP gene from Leuconostoc mesenteroides might be acquired 
from clostridia. 
Subfamilies of peptidase family PepD 
The PepD dipeptidase family has a broad speciﬁcity toward various dipeptides [1]. PepD 
has been puriﬁed and characterized from L. helveticus by Vesanto et al. [31]. The pepD genes are 
distributed heterogeneously in LAB genomes, varying from 0 to 6 paralogs. The pepD gene is absent in 
Leuconostoc mesenteroides and truncated in S. thermophilus strains, while multiple genes are mainly 
observed in Lactobacillus genomes (Figure 2.1). Recently, Smeianov et al. reported the expression 
level of four pepD genes from L. helveticus CNRZ32 by a microarray analysis [32]. Five major 
PepD subfamilies can be clearly distinguished based on the multiple sequence alignment (Figure 2.3). 
PepD1-4 are assigned with the names according to the four pepD genes from L. helveticus [32]. Due 
to the lack of experimental evidence, it is still unclear whether the substrate speciﬁcities vary between 
those subfamilies. Microarray analysis of L. helveticus has shown that pepD1, pepD2 and pepD4 
were up-regulated in MRS medium compared to growth in milk, while pepD3 was not differentially 
expressed in both media [31]. It suggests that differences between subgroups of pepD1/pepD2/pepD4 
and pepD3 could also be on the level of transcription regulation. Moreover, several genes are located 
as intermediate between the major PepD subgroups in the superfamily tree. Most of those genes 
have unclear origins and functions. The protein sequences of LCA_116493607 from L. casei, LRH_
258507036 from L. rhamnosus, LJO_42518640 from L. johnsonii, and LBU_116514855 from L. 
bulgaricus have best BLASTP hits to several recently sequenced lactobacilli, such as L. hilgardii and 
L. buchneri, suggesting a possible duplication of the gene in a speciﬁc Lactobacillus group.   
3D-structure comparison to distinguish PepI/PepR/PepL peptidases from EstA 
family esterases
The proline iminopeptidase PepI possesses aminopeptidase activity toward N-terminal 
proline peptides, preferably tri-peptides, while prolinase PepR has a broad speciﬁcity for dipeptides 
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including Pro-Xaa dipeptides [1]. The only characterized PepL is from L. delbrueckii subsp. lactis 
DSM7290 and it displays high speciﬁcity for di-/tri- peptides with N-terminal leucine residues 
[33]. Interestingly, the PepI/PepR/PepL family and the esterase EstA family belong to the same 
α/β hydrolase superfamily, since the BLASTP analysis of PepI/PepR/PepL members against the 
non-redundant protein database also retrieves homologs from the EstA family.  Multiple sequence 
alignment (MSA) of the whole protein sequences of the homologs from those two protein families 
is not reliable, as large insertions and deletions are present in these sequences, and several regions 
of the proteins share very low sequence similarity. Therefore, we ﬁrst compared the 3D structures of 
four representative proteins by superposition, including proline iminopeptidases from Thermoplasma 
acidophilum (PDB ID: 1MTZ) [34], Xanthomonas campestris pv. citri (PDB ID: 1AZW) [35], and 
Serratia marcescens (PDB ID: 1WM1) [36] as members from the PepI/R/L family, and an esterase A 
(PDB ID: 2UZ0) from Streptococcus pneumoniae [37] as a member from the EstA subfamily (Figure 
2.4). The superimposed 3D structures share a highly similar catalytic domain, which displays a typical 
canonical α/β hydrolase topology consisting of an eight-stranded β-sheet, and have a non-conserved 
cap domain. Four conserved structural regions in the catalytic domain, separated by variable loops, 
were identiﬁed based on the structure alignment. A detailed comparison of the residues of the catalytic 
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Figure 2.3. Superfamily tree of 
PepD members in LAB. PepD that 
is experimentally characterized from 
Biﬁdobacterium longum NCC2705 
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L. helveticus CNRZ32 (LHV) 
analyzed by microarray [32] are 
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site and substrate-binding region can be found in Additional File 4. In contrast, the cap domain shows 
a large structural variation, and the esterase EstA has a much smaller cap domain than the peptidases 
(Figure 2.4). The cap regions of peptidases cover and close the substrate-binding region, allowing 
only the N-terminal proline of a peptide to ﬁt into the substrate-binding pocket.
CAP
CORE
CAP
GluHis
Asp
Ser
A. B.
Figure 2.4. Superposition of 3D structures of proline iminopeptidases 1WM1 (yellow) and 1MTZ (green), and esterase 2UZ0 
(purple). (A colour version can be found in Appendix) The structure of 1AZW is highly similar to 1WM1 and is not shown. A) The 
4 conserved structural core segments are shown as thick tubes, and the variable segments as thin sticks connecting C-alpha atoms. 
The variable large cap regions of the peptidases, which do not superpose, are at the bottom half of the ﬁgure. Note that the esterase 
has a much shorter connecting segment in this cap region. The red frame indicates the position of the active site, which is shown as 
the zoomed-in view in Panel B.  B) The catalytic site is shown with catalytic residues Ser, His and Asp. The active site is enlarged and 
rotated by about 180 degrees relative to Panel A. A short stretch of the cap region in both peptidases is shown, bearing the Glu residues 
that interact with the positive charge of the peptide substrate N-terminus. Note that the side chains of the two Glu residues superpose 
very well, despite coming from different (non-superposable) parts of the cap region.
A MSA of the concatenated sequences of the four conserved structural regions of the PepI/PepR/
PepL and EstA superfamily members from various microorganisms was constructed and manually 
curated [See Additional File 1].   On basis of the curated MSA, a much improved superfamily tree 
was constructed for the PepI/PepR/PepL and EstA families, including LAB and other bacteria, as 
well as the reference proteins with known 3D structures (Figure 2.5).   In this 3D alignment tree, 
the homologs of the superfamily can be clearly separated into four subclusters (Figure 2.5). The ﬁrst 
cluster PepIa contains the proline iminopeptidases from Proteobacteria and non-LAB Firmicutes, 
including the ones from the known structures 1AZW and 1WM1. The second cluster contains the 
esterase members from LAB, including the representative structure 2UZ0 from S. pneumoniae. The 
third cluster PepIb contains proline iminopeptidases from Proteobacteria and Actinobacteria, and 
PepI from Firmicutes (including the ones from LAB), as well as the known structure 1MTZ from 
Thermoplasma acidophilum. The last cluster PepR/L consists of putative PepL proteins from LAB and 
the subgroup of prolinase PepR. Experimentally veriﬁed proteins PepR from L. helveticus CNRZ32 
[38, 39], PepI from L. delbrueckii subsp. bulgaricus CNRZ 397 [40, 41], PepL from L. delbrueckii 
subsp. lactis DSM7290 [33] and EstA from L. lactis [42] and L. casei BL23 [43] also support this 
subdivision within the protein superfamily (Figure 2.5). Moreover, PepI from L. helveticus strain 53/7 
has also been experimentally characterized [44]. 
Sequenced lactococcal, streptococcal, leuconostoc and L. salivarius strains lack the genes 
encoding proline peptidases PepI, PepR or PepL. This agrees with the observation from gene deletion 
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experiments in strains harboring those peptidase genes that the physiological role of PepI, PepR or 
PepL is not essential for cell growth [39, 45, 46].  However, in L. helveticus, the growth rate in milk 
was slower for a PepI-deletion mutant as compared to the wild type [45]. Similarly, the activity of cell 
extract of L. helveticus and L. rhamnosus toward several proline dipeptides was signiﬁcantly reduced 
in a PepR-deletion mutant [39, 46]. Those observations suggest that PepI/PepR/PepL may contribute 
speciﬁcally to the proteolytic capacity on proline-containing peptides of Lactobacillus strains. 
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Figure 2.5. Superfamily tree of PepI/PepR/PepL and EstA members. (A colour version can be found in Appendix) Based on 
MSA of the concatenated sequences of the four structural core regions identiﬁed by the protein 3D structure alignment. The PepR and 
the PepL subgroup from LAB are shadowed. The bacterial phyla are indicated. Dots indicate the experimentally characterized genes 
and triangles indicate the protein 3D structures used for the analyses. The event of the substitution of catalytic residue aspartate by 
glutamate in the PepR subgroup is indicated in the tree.
Diversity of the proteolytic system in L. lactis strains 
The distribution of proteolytic system components in various L. lactis strains was studied by 
comparative genome hybridization (CGH) analysis. PanGenome arrays were made based on ORFs 
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found in four sequenced L. lactis strains, and subsequently used to determine the presence or absence 
of orthologs in 39 L. lactis strains [14]. Table 2.1 summarizes only the proteolytic system genes 
with variable absence/presence patterns in the 39 L. lactis strains. All other components described in 
Figure 2.1 but not shown in Table 2.1, such as PepC, PepN, PepM, PepA, PepD, PepV, PepT, PepP, 
PepQ, DtpT and most members of the Dpp system, are present in almost all strains. PepE/PepG and 
PepI/PepR/PepL family members are absent in all L. lactis strains. Those genes are excluded from 
the table, as well as all genes of strains P7304 and P7266 (see explanation in Table legend). Some 
plant-derived L. lactis strains such as KF24, NIZOB2244W, LMG9446 and KW10 have the largest 
set of proteolytic system genes. 
Variations are found for proteinase PrtP and its maturation protein PrtM, for peptidases Pcp, 
PepO2, PepF2 and PepX2, and for genes from peptide transport systems Opp and Dpp (Table 2.1). 
Most of these genes are known to be present on plasmids [27]: in strain SK11 the prtP, prtM and pcp 
genes are located on one large plasmid, while the pepO2, pepF2 and oppABCDF2 are co-localized on 
a different plasmid. The co-presence or co-absence of these genes in other L. lactis strains (Table 2.1), 
is largely consistent with their coupling in SK11, and suggests that variability is mainly due to the 
presence or absence of the plasmids. Cell-wall bound proteinase PrtP together with PrtM are mainly 
present in L. lactis subsp. cremoris, although several L. lactis subsp. lactis strains also harbor these 
genes (including dairy strains e.g. UC317, ML8, and ATCC19435T). 
PepX2 is a PepX homolog of L. lactis subsp. lactis IL1403. It is mainly found in L. lactis subsp. 
lactis strains from dairy origin. This putative pepX2 gene was originally annotated as a hypothetical 
protein named YmgC. It contains both a C-terminal domain of X-prolyl dipeptidyl aminopeptidase 
and a Peptidase_S15 catalytic domain which are usually found in PepX, whereas the PepX N-terminal 
domain is missing in PepX2. No experimental evidence for the enzyme activity of PepX2 is known. 
The family tree of PepX shows that this putative pepX2 gene is not clustered in the same orthologous 
group as its paralogous gene from L. lactis subsp. lactis IL1403 [Additional File 5]. The only members 
of the PepX2 (YmgC) group in sequenced LAB genomes are from L. lactis subsp.  lactis IL1403 and 
Pediococcus.  Their best BLAST hits against the non-redundant protein database are from Listeria 
monocytogenes, suggesting a HGT event [See Additional File 5].
Discussion
 In this study, we performed a systematic genome-wide analysis of all the proteins involved 
in proteolysis, including cell-wall bound proteinase, peptide transporters, and peptidases, from 
twenty-two fully sequenced LAB genomes, including Lactobacillus, Lactococcus, Streptococcus, 
Pediococcus, Oenococcus, and Leuconostoc strains. The comparative genomics analysis was shown 
to distinguish various subgroups within a protein superfamily, allowing a highly improved annotation 
of genes and clariﬁcation caused by inconsistent annotation.
This information on the distribution of the proteolytic system genes can be used to predict 
the proteolytic potential of various LAB strains. For instance, L. bulgaricus and L. helveticus have 
a very extensive set of proteolytic enzymes, which is consistent with previous knowledge that L. 
bulgaricus serves as the proteolytic organism in yoghurt rather than S. thermophilus [47]. L. helveticus 
is a proteolytic cheese adjunct culture that has been used to degrade bitter peptides in cheese [48]. 
Interestingly, L. bulgaricus encodes the Dpp system with preference for uptake of hydrophobic di/
tripeptides, complementing S. thermophilus which encodes the general di/tripeptide transporter DtpT 
in its genome, suggesting that more peptides can be utilized by both bacteria when grown together. 
LAB species of plant origin, such as L. plantarum, O. oeni, and Leuconostoc mesenteroides, encode 
less proteolytic enzymes in their genomes, which agrees with their ecological niche that is ﬁber-rich 
but contains less proteins.
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Table 2.1. Distribution of variable peptidases and peptide transporters in Lactococcus lactis strains by CGH 
analysis (genes which are either present or absent in all query and reference strains are excluded)
Strains a ssp origin PrtP PrtM Pcp PepF1 OppA1 PepO2 PepF2 OppA2 OppB2 OppC2 OppD2 OppF2 DppB
PepX2
(YmgC)
KF24 lactis plant 1 1 1 1 1 1 1 1 1 1 1 1 1 1
NIZOB2244W lactis plant 1 1 1 1 1 1 1 1 1 1 1 1 1 1
LMG9446 lactis plant 1 1 1 1 1 1 1 1 1 1 1 1 1 1
KF196 lactis plant 0? 0? 0? 1 1 0? 0? 0? 0? 0? 0? 0? 1 0?
KF201 lactis plant 0? 0? 0? 1 1 0? 0? 0? 0? 0? 0? 0? 1 0?
N42 lactis plant 1 1 0 1 1 0 0 0 0 0 0 0 1 1
KF134 lactis plant 0 0 0 1 1 0 0 0 0 0 0 0 1 0
E34 lactis plant 0 0 0 1 1 0 0 0 0 0 0 0 1 0
Li-1 lactis plant 0 0 0 1 1 0 0 0 0 0 0 0 1 0
M20 lactis plant 0 0 0 1 0 0 0 0 0 0 0 0 1 0
K231 lactis plant 0 0 0 1 1 0 0 0 0 0 0 0 1 0
LMG9449 lactis plant 0 0 0 1 1 0 0 0 0 0 0 0 0 1
KF146 lactis plant 0 0 0 1 1 0 0 0 0 0 0 0 0 0
KF147 lactis plant 0 0 0 1 1 0 0 0 0 0 0 0 0 0
K337 lactis plant 0 0 0 1 0 0 0 0 0 0 0 0 0 0
KF67 lactis plant 0 0 0 1 1 0 0 0 0 0 0 0 0 0
KF7 lactis plant 0 0 0 1 1 0 0 0 0 0 0 0 0 0
LMG8520 lactis plant 0 0 0 1 1 0 0 0 0 0 0 0 0 0
KF282 lactis plant 0 0 0 0 0 0 0 0 0 0 0 0 1 0
LMG8526 lactis plant 0 0 0 0 0 0 0 0 0 0 0 0 0 0
UC317 lactis dairy 1 1 0? 1 1 0? 0? 0? 0? 0? 0? 0? 1 1
ML8 lactis dairy 1 1 0 1 1 0 0 0 0 0 0 0 1 1
LMG14418 lactis dairy 0 0 0 1 1 0 0 0 0 0 0 0 1 1
IL1403 lactis dairy 0 0 0 1 1 0 0 0 0 0 0 0 1 1
DRA4 lactis dairy 0 0 0? 1 1 0 0 0 0 0 0 0 1 1
NCDO895 lactis dairy 0 0? 0? 1 1 0 0? 0? 0? 0 0 0 1 1
ATCC19435T lactis dairy 1 1 1 1 1 1 1 1 1 1 1 1 1 1
KW10 cremoris plant 1 1 1 1 1 1 1 1 1 1 1 1 1 1
N41 cremoris plant 1 1 1 1 1 1 1 1 1 1 1 1 1 0
NCDO763 cremoris dairy 1 1 1 1 1 1 1 1 1 1 1 1 1 0
SK11 cremoris dairy 1 1 1 1 1 1 1 1 1 1 1 1 1 0
AM2 cremoris dairy 1 1 1 1 1 1 1 1 1 1 1 1 1 0
FG2 cremoris dairy 1 1 1 1 1 1 1 1 1 1 1 1 1 0
LMG6897T cremoris dairy 1 1 0? 0 1 1 1 1 1 1 1 1 1 0
V4 cremoris dairy 0? 0? 0? 0 1 1 1 1 1 1 1 1 1 0
HP cremoris dairy 0 0 1 1 1 1 1 1 1 1 1 1 1 0
MG1363 cremoris dairy 0 0 1 0 1 1 1 1 1 1 1 1 1 0
a. Two Lactococcus strains P7304 and P7266 are not shown in this table since they are grouped separately from other strains phylogenetically [53] and 
present a distinct pattern of presence and absence of proteolytic genes. For instance, PepC, PepA, PepO, PepF, PepV, PepX, and PepP appear to be absent 
in these two strains, but this could also be the result of poor hybridization due to lower sequence homology. 
? The score of the signal is not signiﬁcant enough to conclude the presence or absence of a gene. Most of the assignments of absence/presence are 
assumed based on coexistence patterns of genes, e.g. PrtP and PrtM, or OppABCDF are usually encoded in the same operons, thus should be all present 
or all absent in the genomes. In these cases, a stricter cut-off value for deciding the presence of a gene (5.6-5.7 instead of 5.5) is used. 
CHAPTER 2
34
Several examples have been provided for the division of large superfamilies into subfamilies. 
Clear separation of major subgroups can be observed from the family trees. By including the 
experimentally characterized genes, different substrate speciﬁcities can be assigned to various 
subfamilies. The PepP/PepQ/PepM and PepI/PepR/PepL superfamilies include subfamilies with 
distinct substrate speciﬁcities. The general dipeptidase superfamily PepD consists of several distinct 
orthologous groups of which the substrate speciﬁcities are still unknown. In most cases, the prediction 
of orthologous groups and the evolutionary events leading to the variation of substrate speciﬁcities 
are straight-forward using the phylogenetic analysis. However, some orphan genes are present as 
intermediate groups between the subfamilies with unknown functions and some of them may originate 
from HGT events. 
Peptidases PepI/R/L and the esterase EstA, which is also involved in ﬂavor-formation by 
LAB, belong to the same α/β hydrolase superfamily. We performed a comparative analysis of 3D 
structures of representative proteins from each subfamily in order to identify the core regions of the 
enzymes and to improve the multiple sequence alignment of the superfamily.  Orthologs could then 
be identiﬁed more clearly in the protein family tree as constructed on basis of the curated MSA of the 
core regions. The classic catalytic triad Ser-His-Asp of the α/β hydrolase family is conserved in most of 
the members of the PepI/R/L and EstA superfamily. However, in the PepR subfamily of LAB (Figure 
2.5), the catalytic Asp residues are substituted by Glu residues. Aspartate and glutamate residues 
are chemically equivalent and differ only in length of the side chain. The substitution of Asp by Glu 
has been observed in prokaryotic subtilases [49], as well as in an acetylcholinesterase of Torpedo 
californica and a lipase of Geotrichum candidum [50, 51]. Moreover, two additional peptidases from 
L. plantarum and L. casei (LPL_28379307 and LCA_116494294) which are not grouped into the 
PepR subfamily (Figure 2.5) also have glutamate catalytic residues instead of aspartate residues. 
It suggests that the substitution of Asp to Glu may have happened in the common ancestor of these 
two proteins and the PepR family. Since the glutamate residue at the catalytic triad is only found to 
be conserved in the PepR subfamily, it can be used as an extra indication for determining whether a 
peptidase with unclear function belongs to the PepR subfamily. 
One of the applications of our comparative analysis is to explore the diversity of proteolytic 
system genes in various strains of L. lactis by combining the results from comparative genomics 
analysis and the hybridization data from pangenome CGH analysis. Distinct patterns were found in 
the presence and absence of proteolytic enzymes in the two L. lactis subspecies, i.e. subsp. lactis and 
subsp. cremoris, conﬁrming the proteolytic diversity between the subspecies, and now providing a 
genetic basis for this diversity. Several strains show corresponding distributions of some proteolytic 
genes in their genomes, presumably resulting from the presence or absence of plasmids encoding 
proteolytic system components.
Conclusions
We performed a genome-wide comparative study on the proteolytic system of LAB, and 
demonstrated that the functional annotation of proteolytic system genes can be improved by combining 
phylogeny, synteny and literature. Examples of the PepP/PepQ/PepM family, the PepD family and 
the PepI/PepR/PepL family elucidated that protein subfamilies with distinct substrate speciﬁcities 
can be identiﬁed. In the case of the PepI/PepR/PepL family, protein 3D-structure alignment allowed 
us to more clearly distinguish the peptidase subfamilies and an esterase family EstA. Moreover, 
the complete distribution of proteolytic system components in various sequenced LAB strains was 
obtained. 
The diversity of proteolytic system genes from 39 Lactococcus strains was explored using 
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CGH analysis. Several components including proteinase, oligopeptide transport system and peptidases 
were shown to be distributed unevenly among the Lactococcus strains. The presence or absence of 
those proteolytic system components are probably the result of the presence or absence of plasmids 
that encode them.
Knowledge of the variations in proteolytic system components may allow the prediction of 
proteolytic and ﬂavor-forming potential of bacterial strains, and could direct future experimental 
tests into the phenotypes of various LAB. Ultimately, this knowledge could be used to improve the 
sensory characteristics of dairy and other fermented food products by supporting the strain selection 
process. 
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Additional Files
Additional ﬁle 1: Multiple sequence alignment of core regions of proteins from both the PepI/R/L and 
EstA families. A manually curated multiple sequence alignment of the concatenated sequences of the four core 
regions of the PepI/PepR/PepL and EstA superfamily members identiﬁed by the protein structure superposition. 
On basis of this MSA, a family tree was constructed, and is shown in Figure 2.5.
Additional ﬁle 2: Proteolytic components in LAB.  The ﬁle contains a table with GI codes of all the genes 
listed in Figure 2.1.
Additional ﬁle 3: Superfamily tree of PepF members. The bootstrapped (n=1000) neighbor-joining tree for 
PepF members in LAB
Additional ﬁle 4: Comparison of important residues of the conserved core regions and the cap region. 
The ﬁle contains a table describing the four structurally conserved regions and the cap regions. The identiﬁed 
residues within those regions, which are functionally important and/or conserved in PepI/R/L or EstA families, 
are highlighted
Additional ﬁle 5:  PepX superfamily tree. The ﬁle contains a bootstrapped (n=1000) NJ tree for PepX family 
homologs of LAB
CHAPTER 2
36
References
1. Christensen JE, Dudley EG, Pederson JA, Steele JL: Peptidases and amino acid catabolism in lactic acid bacteria. Antonie 
Van Leeuwenhoek 1999, 76:217-246.
2. Kim YK, Yaguchi M, Rose D: Isolation and Amino Acid Composition of Para-Kappa-Casein. J Dairy Sci 1969, 52:316-
320.
3. Stewart AF, Bonsing J, Beattie CW, Shah F, Willis IM, Mackinlay AG: Complete nucleotide sequences of bovine alpha 
S2- and beta-casein cDNAs: comparisons with related sequences in other species. Mol Biol Evol 1987, 4:231-241.
4. Liu M, Nauta A, Francke C, Siezen RJ: Comparative genomics of enzymes in ﬂavor-forming pathways from amino acids 
in lactic acid bacteria. Appl Environ Microbiol 2008, 74:4590-4600.
5. Kunji ER, Mierau I, Hagting A, Poolman B, Konings WN: The proteolytic systems of lactic acid bacteria. Antonie Van 
Leeuwenhoek 1996, 70:187-221.
6. Savijoki K, Ingmer H, Varmanen P: Proteolytic systems of lactic acid bacteria. Appl Microbiol Biotechnol 2006, 71:394-
406.
7. Sousa MJ, Ardö Y, McSweeney PLH: Advances in the study of proteolysis during cheese ripening. International Dairy 
Journal 2001, 11:327-345.
8. Doeven MK, Kok J, Poolman B: Speciﬁcity and selectivity determinants of peptide transport in Lactococcus lactis and 
other microorganisms. Mol Microbiol 2005, 57:640-649.
9. Liu M, Siezen R: Comparative genomics of ﬂavour-forming pathways in lactic acid bacteria. Australian Journal of 
Dairy Technology 2006, 61:61-68.
10. Makarova K, Slesarev A, Wolf Y, Sorokin A, Mirkin B, Koonin E, Pavlov A, Pavlova N, Karamychev V, Polouchine N et al: 
Comparative genomics of the lactic acid bacteria. Proc Natl Acad Sci USA 2006, 103:15611-15616.
11. Wegmann U, O’Connell-Motherway M, Zomer A, Buist G, Shearman C, Canchaya C, Ventura M, Goesmann A, Gasson MJ, 
Kuipers OP et al: Complete genome sequence of the prototype lactic acid bacterium Lactococcus lactis subsp. cremoris 
MG1363. J Bacteriol 2007, 189:3256-3270.
12. Callanan M, Kaleta P, O’Callaghan J, O’Sullivan O, Jordan K, McAuliffe O, Sangrador-Vegas A, Slattery L, Fitzgerald GF, 
Beresford T et al: Genome sequence of Lactobacillus helveticus, an organism distinguished by selective gene loss and 
insertion sequence element expansion. J Bacteriol 2008, 190:727-735.
13. Kankainen M, Paulin L, Tynkkynen S, von Ossowski I, Reunanen J, Partanen P, Satokari R, Vesterlund S, Hendrickx AP, 
Lebeer S et al: Comparative genomic analysis of Lactobacillus rhamnosus GG reveals pili containing a human-mucus 
binding protein. Proc Natl Acad Sci U S A 2009, 106:17193-17198.
14. Bayjanov JR, Wels M, Starrenburg M, van Hylckama Vlieg JE, Siezen RJ, Molenaar D: PanCGH: a genotype-calling 
algorithm for pangenome CGH data. Bioinformatics 2009, 25:309-314.
15. Smit G, Smit BA, Engels WJM: Flavour formation by lactic acid bacteria and biochemical ﬂavour proﬁling of cheese 
products. FEMS Microbiology Reviews 2005, 29:591-610.
16. Siezen RJ, Starrenburg MJ, Boekhorst J, Renckens B, Molenaar D, van Hylckama Vlieg JE: Genome-scale genotype-
phenotype matching of two Lactococcus lactis isolates from plants identiﬁes mechanisms of adaptation to the plant 
niche. Appl Environ Microbiol 2008, 74:424-436.
17. UniProt Consortium: The universal protein resource (UniProt). Nucleic Acids Res 2008, 36:D190-195.
18. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ: Basic local alignment search tool. J Mol Biol 1990, 215:403-410.
19. Bateman A, Coin L, Durbin R, Finn RD, Hollich V, Grifﬁths-Jones S, Khanna A, Marshall M, Moxon S, Sonnhammer ELL 
et al: The Pfam protein families database. Nucleic Acids Res 2004, 32:D138-D141.
20. Francke C, Kerkhoven R, Wels M, Siezen RJ: A generic approach to identify Transcription Factor-speciﬁc operator 
motifs; Inferences for LacI-family mediated regulation in Lactobacillus plantarum WCFS1. BMC Genomics 2008, 
9:145.
21. Edgar RC: MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res 2004, 
32:1792-1797.
22. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam H, Valentin F, Wallace IM, Wilm A, Lopez 
R et al: Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23:2947-2948.
23. van der Heijden RT, Snel B, van Noort V, Huynen MA: Orthology prediction at scalable resolution by phylogenetic tree 
analysis. BMC Bioinformatics 2007, 8:83.
24. Overbeek R, Larsen N, Walunas T, D’Souza M, Pusch G, Selkov E, Liolios K, Joukov V, Kaznadzey D, Anderson I et al: The 
ERGO (TM) genome analysis and discovery system. Nucleic Acids Res 2003, 31:164-171.
25. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, Shindyalov IN, Bourne PE: The Protein Data Bank. 
Nucleic Acids Res 2000, 28:235-242.
26. Folkertsma S, van Noort P, Van Durme J, Joosten HJ, Bettler E, Fleuren W, Oliveira L, Horn F, de Vlieg J, Vriend G: A 
family-based approach reveals the function of residues in the nuclear receptor ligand-binding domain. J Mol Biol 
2004, 341:321-335.
27. Siezen RJ, Renckens B, van Swam I, Peters S, van Kranenburg R, Kleerebezem M, de Vos WM: Complete sequences of 
four plasmids of Lactococcus lactis subsp. cremoris SK11 reveal extensive adaptation to the dairy environment. Appl 
Environ Microbiol 2005, 71:8371-8382.
28. Matos J, Nardi M, Kumura H, Monnet V: Genetic characterization of pepP, which encodes an aminopeptidase P whose 
deﬁciency does not affect Lactococcus lactis growth in milk, unlike deﬁciency of the X-prolyl dipeptidyl aminopeptidase. 
Appl Environ Microbiol 1998, 64:4591-4595.
29. Rantanen T, Palva A: Lactobacilli carry cryptic genes encoding peptidase-related proteins: characterization of a 
PROTEOLYTIC SYSTEM OF LAB REVISITED
37
C
H
A
P
T
E
R
 2
prolidase gene (pepQ) and a related cryptic gene (orfZ) from Lactobacillus delbrueckii subsp. bulgaricus. Microbiology 
1997, 143 ( Pt 12):3899-3905.
30. Morel F, Frot-Coutaz J, Aubel D, Portalier R, Atlan D: Characterization of a prolidase from Lactobacillus delbrueckii 
subsp. bulgaricus CNRZ 397 with an unusual regulation of biosynthesis. Microbiology 1999, 145 ( Pt 2):437-446.
31. Vesanto E, Peltoniemi K, Purtsi T, Steele JL, Palva A: Molecular characterization, over-expression and puriﬁcation of a 
novel dipeptidase from Lactobacillus helveticus. Appl Microbiol Biotechnol 1996, 45:638-645.
32. Smeianov VV, Wechter P, Broadbent JR, Hughes JE, Rodriguez BT, Christensen TK, Ardo Y, Steele JL: Comparative high-
density microarray analysis of gene expression during growth of Lactobacillus helveticus in milk versus rich culture 
medium. Appl Environ Microbiol 2007, 73:2661-2672.
33. Klein JR, Dick A, Schick J, Matern HT, Henrich B, Plapp R: Molecular cloning and DNA sequence analysis of pepL, a 
leucyl aminopeptidase gene from Lactobacillus delbrueckii subsp. lactis DSM7290. Eur J Biochem 1995, 228:570-578.
34. Goettig P, Groll M, Kim JS, Huber R, Brandstetter H: Structures of the tricorn-interacting aminopeptidase F1 with 
different ligands explain its catalytic mechanism. EMBO J 2002, 21:5343-5352.
35. Medrano FJ, Alonso J, Garcia JL, Romero A, Bode W, Gomis-Ruth FX: Structure of proline iminopeptidase from 
Xanthomonas campestris pv. citri: a prototype for the prolyl oligopeptidase family. EMBO J 1998, 17:1-9.
36. Inoue T, Ito K, Tozaka T, Hatakeyama S, Tanaka N, Nakamura KT, Yoshimoto T: Novel inhibitor for prolyl aminopeptidase 
from Serratia marcescens and studies on the mechanism of substrate recognition of the enzyme using the inhibitor. 
Arch Biochem Biophys 2003, 416:147-154.
37. Kim MH, Kang BS, Kim S, Kim KJ, Lee CH, Oh BC, Park SC, Oh TK: The crystal structure of the estA protein, a 
virulence factor from Streptococcus pneumoniae. Proteins 2008, 70:578-583.
38. Dudley EG, Steele JL: Nucleotide sequence and distribution of the pepPN gene from Lactobacillus helveticus CNRZ32. 
FEMS Microbiol Lett 1994, 119:41-45.
39. Shao W, Yuksel GU, Dudley EG, Parkin KL, Steele JL: Biochemical and molecular characterization of PepR, a 
dipeptidase, from Lactobacillus helveticus CNRZ32. Appl Environ Microbiol 1997, 63:3438-3443.
40. Atlan D, Gilbert C, Blanc B, Portalier R: Cloning, sequencing and characterization of the pepIP gene encoding a proline 
iminopeptidase from Lactobacillus delbrueckii subsp. bulgaricus CNRZ 397. Microbiology 1994, 140 ( Pt 3):527-535.
41. Morel F, Gilbert C, Geourjon C, Frot-Coutaz J, Portalier R, Atlan D: The prolyl aminopeptidase from Lactobacillus 
delbrueckii subsp. bulgaricus belongs to the alpha/beta hydrolase fold family. Biochim Biophys Acta 1999, 1429:501-
505.
42. Fernandez L, Beerthuyzen MM, Brown J, Siezen RJ, Coolbear T, Holland R, Kuipers OP: Cloning, characterization, 
controlled overexpression, and inactivation of the major tributyrin esterase gene of Lactococcus lactis. Appl Environ 
Microbiol 2000, 66:1360-1368.
43. Yebra MJ, Viana R, Monedero V, Deutscher J, Perez-Martinez G: An esterase gene from Lactobacillus casei cotranscribed 
with genes encoding a phosphoenolpyruvate:sugar phosphotransferase system and regulated by a LevR-like activator 
and sigma54 factor. J Mol Microbiol Biotechnol 2004, 8:117-128.
44. Varmanen P, Rantanen T, Palva A: An operon from Lactobacillus helveticus composed of a proline iminopeptidase gene 
(pepI) and two genes coding for putative members of the ABC transporter family of proteins. Microbiology 1996, 142 
( Pt 12):3459-3468.
45. Yuksel GU, Steele JL: DNA sequence analysis, expression, distribution, and physiological role of the Xaa-prolyldipeptidyl 
aminopeptidase gene from Lactobacillus helveticus CNRZ32. Appl Microbiol Biotechnol 1996, 44:766-773.
46. Varmanen P, Rantanen T, Palva A, Tynkkynen S: Cloning and characterization of a prolinase gene (pepR) from 
Lactobacillus rhamnosus. Appl Environ Microbiol 1998, 64:1831-1836.
47. Sieuwerts S, de Bok FA, Hugenholtz J, van Hylckama Vlieg JE: Unraveling microbial interactions in food fermentations: 
from classical to genomics approaches. Appl Environ Microbiol 2008, 74:4997-5007.
48. Sridhar VR, Hughes JE, Welker DL, Broadbent JR, Steele JL: Identiﬁcation of endopeptidase genes from the genomic 
sequence of Lactobacillus helveticus CNRZ32 and the role of these genes in hydrolysis of model bitter peptides. Appl 
Environ Microbiol 2005, 71:3025-3032.
49. Siezen RJ, Renckens B, Boekhorst J: Evolution of prokaryotic subtilases: Genome-wide analysis reveals novel subfamilies 
with different catalytic residues. Proteins: Structure, Function and Bioinformatics 2007, 67:681-694.
50. Polgar L: The catalytic triad of serine peptidases. Cell Mol Life Sci 2005, 62:2161-2172.
51. Dodson G, Wlodawer A: Catalytic triads and their relatives. Trends Biochem Sci 1998, 23:347-352.
52. Seo JM, Ji GE, Cho SH, Park MS, Lee HJ: Characterization of a Biﬁdobacterium longum BORI dipeptidase belonging 
to the U34 family. Appl Environ Microbiol 2007, 73:5598-5606.
53. Rademaker JL, Herbet H, Starrenburg MJ, Naser SM, Gevers D, Kelly WJ, Hugenholtz J, Swings J, van Hylckama Vlieg JE: 
Diversity analysis of dairy and nondairy Lactococcus lactis isolates, using a novel multilocus sequence analysis scheme 
and (GTG)5-PCR ﬁngerprinting. Appl Environ Microbiol 2007, 73:7128-7137.
CHAPTER 2
38
 There is no such a thing as inaccuracy in a photograph (scientific finding). All photographs 
(scientific findings) are accurate. None of them is the truth.
       - Richard Avedon (commented by the author ) 
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Lactic acid bacteria (LAB) have been widely used as starter or non-starter cultures in the 
dairy industry for over a thousand years. They also play an essential role in ﬂavor formation during 
the fermentation of dairy products. Several metabolic routes can lead to the formation of ﬂavor 
compounds when LAB are growing in milk. One of the main precursors for ﬂavor compounds in milk 
is casein, although they can also be derived from fatty acids and sugars. The proteolytic system of 
LAB degrades casein into its constituent amino acids, which can be converted to ﬂavor compounds. 
Although amino acid catabolism by LAB has been well researched (5, 31, 65, 78), many ﬂavor-
forming routes are yet to be discovered. 
Over twenty LAB genomes have been fully sequenced (1, 11, 12, 16, 19, 41, 44, 45, 53, 68, 71). 
The available genomic information provides us with new opportunities to study the ﬂavor-forming 
potential of LAB. However, one of the main problems that one encounters while reconstructing ﬂavor-
forming routes based on the genomic information stored in the public databases is the inconsistency 
in the functional annotation for many of the relevant genes. These genes are mostly members of 
larger protein families. Moreover, even when the functional annotation in databases is appropriate, it 
sometimes reﬂects only part of the protein’s full functional potential, as broad substrate speciﬁcities 
are often not taken into consideration in the annotation. 
We have now improved the functional annotation of the key enzymes in the formation of 
ﬂavor compounds from amino acids by applying comparative genomics approaches that have been 
developed within our group to specify the annotation of homologous proteins, by combining phylogeny, 
gene context and experimental evidence (32). We focused especially on the enzymes involved in the 
metabolism of sulfur-containing amino acids since these are known to be precursors of many ﬂavor 
compounds in dairy fermentations. Comparative analysis of the various sequenced LAB species and 
strains resulted in an overall view of differences in their ﬂavor-forming capacities. 
In silico analyses of LAB genomes
Complete LAB genome sequences were obtained from the NCBI microbial genome database 
(http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi) on Nov. 30, 2007: Lactobacillus acidophilus 
NCFM (abbreviation LAC, accession code CP000033), Lactobacillus johnsonii NCC 533 (LJO, 
AE017198), Lactobacillus gasseri ATCC 33323 (LGA, CP000413), Lactobacillus delbrueckii subsp. 
bulgaricus ATCC 11842 (LDB, CR954253), Lactobacillus delbrueckii subsp. bulgaricus ATCC 
BAA365 (LBU, CP000412), Lactobacillus plantarum WCFS1 (LPL, AL935263), Lactobacillus brevis 
ATCC 367 (LBE, CP000416), Lactobacillus sakei 23K (LSK, CR936503), Lactobacillus salivarius 
UCC118 (LSL, CP000233), Oenococcus oeni PSU1 (OOE, CP000411), Pediococcus pentosaceus 
ATCC 25745 (PPE, CP000422), Leuconostoc mesenteroides ATCC 8293 (LME, CP000414), 
Lactobacillus casei ATCC 334 (LCA, CP000423), Lactococcus lactis subsp. lactis IL1403 (LLX, 
AE005176), Lactococcus lactis subsp. cremoris MG1363 (LLM, AM406671),  Lactococcus lactis 
subsp. cremoris SK11 (LLA, CP000425), Streptococcus thermophilus CNRZ1066 (STH, CP000024), 
Streptococcus thermophilus LMG18311 (STU, CP000023), Streptococcus thermophilus LMD9 (STM, 
CP000419), and Lactobacillus reuteri F275 (LRF, CP000705). The complete genome sequence of 
Lactobacillus reuteri JCM1112 (LRE) was obtained from the ERGO database (50). The phylogeny of 
these LAB is shown in Figure 3.1.
Protein sequences of experimentally veriﬁed enzymes involved in ﬂavor formation were 
obtained from the Uniprot database (9). These sequences were used to perform BLAST searches 
against all LAB genomes (3). In addition, Hidden Markov Models (HMMs) of the related protein 
families were obtained from the Pfam database (10) and used to identify homologs with the HMMER 
2.3.2 package (24). Homologous sequences from each enzyme family derived from both BLAST 
and HMM searches were collected and the redundant sequences were removed. Orthologous 
relationships between the various homologs were determined on basis of phylogeny and synteny. For 
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each protein family, a multiple sequence alignment was created with MUSCLE (25). The alignments 
included representative sequences from literature for which experimental evidence is available. 
ClustalW was used to generate bootstrapped (n=1000) neighbor-joining trees on basis of the multiple 
sequence alignments (67). The trees were visualized in LOFT (69), a tool that automatically identiﬁes 
orthologous groups. When possible, gene context was used to distinguish between functional variants. 
Gene context was studied using the ERGO Bioinformatics Suite (50).  The complete procedure is 
depicted in Figure S1 in the supplemental material.
Lc. lactis cremoris
Oenococcus oeni
Leuconostoc mesenteroides
Pediococcus pentosaceus
Lb. plantarum
Lb. brevis
Lb. salivarius
Lb. reuteri
Lb. casei
Lb. sakei
Lb. delbrueckii bulgaricus
Lb. acidophilus
Lb. johnsonii
Lb. gasseri
0.05
Lb. acidophilus 
group
 Lc. lactis lactis
 Streptococcus thermophilus
Figure 3.1. Phylogenetic tree of lactic acid 
bacteria constructed on the basis of concatenated 
alignments of four subunits (alpha, beta, 
beta’, and delta) of the DNA-dependent RNA 
polymerase. (A colour version can be found 
in Appendix) Different colors represent the 
various origins or usages of LAB: red for dairy 
fermentation, blue for other fermentation such 
as beer, wine, plants or meat, green for GI-tract 
bacteria. The Lb. acidophilus group is framed. Lb. 
for Lactobacillus, Lc. for Lactococcus
Flavor-forming pathways from amino acids
Free amino acids produced by proteolysis are converted to various ﬂavor compounds through 
amino acid catabolism. The branched-chain amino acids (valine, leucine, and isoleucine), the 
aromatic amino acids (tyrosine, tryptophan and phenylalanine) and the sulfur-containing amino acids 
(methionine, cysteine) are the main amino acid sources for ﬂavor compounds. The conversion of these 
amino acids into ﬂavors proceeds via two distinct routes: i) transamination and ii) elimination (Figure 
3.2 and Figure 3.3) (5, 65, 78). The transamination route is initiated by aminotransferases that convert 
amino acids into their corresponding α-keto acids. The α-keto acids are then further converted into 
aldehydes, alcohols and esters, which are important aroma compounds. It was shown that branched-
chain amino acids, aromatic amino acids and methionine are catabolized via the transamination route. 
The elimination route has been described for methionine where activity by carbon-sulfur lyases results 
in the release of methanethiol. 
Enzymes involved in the transamination route
Aminotransferases
Transamination of branched-chain amino acids, aromatic amino acid and methionine can 
be catalyzed by different aminotransferases (Figure 3.2). In lactococcal strains, branched-chain 
aminotransferase (BcAT) displays an activity towards both the branched-chain amino acids and 
methionine (56), while in these strains aromatic aminotransferase (ArAT) is active against aromatic 
amino acids, leucine and methionine (55, 56). In Brevibacterium linens, aspartate aminotransferase 
(AspAT) is responsible for aspartate transamination, but is also active on the aromatic amino acids 
(78). In cheese, ﬂavor compounds such as 2-methylbutanoate (sweaty odor) and isobutyric acid (sour 
and sweet odor) are believed to be derived from the transamination of Ile or Val by BcAT (6, 77, 78). 
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Table 3.1 indicates that a BcAT ortholog is present in all lactococcal and streptococcal strains while it 
is lacking in a number of lactobacilli such as Lb. johnsonii, Lb. sakei, Lb. reuteri. Therefore the latter 
strains may be unable to produce 2-methylbutanoate and isobutyric acid. 
Genes encoding ArAT and AspAT have been experimentally characterized in Lc. lactis, e.g. 
the araT gene from Lc. lactis NCDO763 (55), and the aspAT gene from Lc. lactis LM0230 (23).  They 
are found to be homologs, as both belong to the aminotransferase I family (40) (see Figure S2 in the 
supplemental material). Putative araT genes were found in all LAB genomes except Lb. sakei and Lb. 
brevis, while the aspAT gene was absent in LAB species of the Lb. acidophilus group (Figure 3.1).
 
 Glutamate dehydrogenase
In LAB, the transaminase reaction is commonly linked to the deamination of glutamate to 
oxoglutaric acid (α-ketoglutarate), catalyzed by glutamate dehydrogenase (GDH) (Figure 3.2). Yvon 
et al. proposed that the amount of α-ketoglutarate is the limiting factor for ﬂavor formation from 
amino acids in cheeses (66, 76). Table 3.1 shows that gdh genes are only found in the genomes of Lb. 
plantarum, Lb. salivarius and S. thermophilus strains, which agrees with the strain-dependency of the 
presence of GDH and the lack of GDH activity in most LAB strains (66). However, GDH activity was 
more commonly found in natural strains used for cheese manufacture (66). 
α-Ketoacid conversion enzymes
α-Ketoacids can be further converted in three different routes (Figure 3.2).  The α-ketoacid 
decarboxylase gene (kdcA), for conversion to the corresponding aldehydes, was characterized from 
Lc. lactis B1157 by Smit et al. (64). No orthologs were found in the sequenced LAB genomes except 
a gene with partial homology in Lc. lactis subsp. lactis IL1403 (Table 3.1).  This is consistent with 
the observations that KdcA activity was only found in non-dairy lactococcal strains and only small 
amounts of amino-acid derived aldehydes were produced by most LAB (62-65). However, alcohols 
and carboxylic acids that can be derived from those aldehydes were detected in many LAB, suggesting 
alternative pathways to produce these ﬂavor compounds. 
Figure 3.2. Generic amino acid (branched-chain 
amino acids, aromatic amino acids, and methionine) 
degradation pathway initiated by transamination 
in LAB. Enzymes names are: BcAT, branched-chain 
aminotransferase; ArAT, aromatic aminotransferase; 
AspAT, aspartate aminotransferase; GDH, glutamate 
dehydrogenase; HycDH, hydroxyacid dehydrogenase; 
KdcA, alpha-ketoacid decarboxylase; AlcDH, alcohol 
dehydrogenase; AldDH, aldehyde dehydrogenase; EstA, 
esterase A. Enzymes speciﬁc for branched-chain amino 
acids degradation (dotted box): KaDH, alpha-ketoacid 
dehydrogenase complex; PTA, phosphotransacylase; 
ACK, acyl kinase. 
Amino acid (BcAA, ArAA, Met)
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α-Ketoacids can be directly converted to carboxylic acids via oxidative decarboxylation. 
The ﬁrst step is the conversion of an α-ketoacid to its corresponding acyl-CoA by α-ketoacid 
dehydrogenase (KaDH), an enzyme complex composed of the four subunits E1α, E1β, E2, and E3. 
Acyl-CoA is further converted to the corresponding carboxylic acid by a phosphotransacylase (PTA) 
and acyl kinase (ACK) (Figure 3.2). The oxidative decarboxylation pathway was characterized in 
Enterococcus faecalis (70), and PTA, ACK and a KaDH complex with speciﬁc activity toward their 
corresponding substrates derived from branched-chain amino acids, were found encoded in one 
operon (ptb-buk-bkdDABC). Only the Lb. casei genome contained a similar orthologous operon. 
Nevertheless, homologs of the ptb gene, buk gene, and bkdDABC genes were found encoded separately 
in different positions of the chromosome in various other LAB, for instance in S. thermophilus. This 
ﬁnding agrees well with the experiments of Helinck et al. (37) who showed these enzyme activities 
in S. thermophilus strains. Caution is required however, since the best homologs of KaDH in many 
LAB are annotated as either pyruvate or acetoin dehydrogenase complex, and it is not clear whether 
these complexes have overlapping substrate speciﬁcity. 
α-Ketoacids can also be reduced to hydroxyacids by hydroxyacid dehydrogenase (HycDH). 
Two stereospeciﬁc enzymes D-HycDH and L-HycDH are distinguished that belong to the larger D-
LDH (D-lactate dehydrogenase) and L-LDH (L-lactate dehydrogenase) protein families, respectively. 
L-HycDH from Weisella confuse (formerly Lb. confuses) has been characterized while a D-HycDH 
encoding gene has been cloned from Lb. casei (42, 49). Our analysis showed that HycDH enzymes can 
be clearly distinguished from their closely related LDH homologs (see Figure S3 in the supplemental 
material). Table 3.1 indicates that most LAB possess one or more L-HycDH while only some have a 
D-HycDH. Although we could not ﬁnd any literature evidence that hydroxyacids can directly lead to 
ﬂavor formation, the shared precursors of hydroxyacids and some ﬂavor compounds imply that the 
activity of HycDH could have a negative effect on ﬂavor formation by shunting ﬂavor precursors into 
non-ﬂavor products.
Alcohol and aldehyde dehydrogenases
Alcohol dehydrogenase (AlcDH) and aldehyde dehydrogenase (AldDH) catalyze the 
conversion of aldehydes to alcohols and carboxylic acids, respectively. The NJ trees of both the AlcDH 
and AldDH family appear to be large and complicated (51, 54). As the experimental evidence of 
AlcDH and AldDH from LAB is lacking, only several putative AlcDH subfamilies and a bifunctional 
AlcDH/AldDH subfamily can be distinguished (data not shown). Table 3.1 shows the genes encoding 
putative AlcDH and bifunctional AlcDH/AldDH proteins with aldehyde dehydrogenase catalytic 
domains. Most LAB genomes encode multiple AlcDH members, but only a single AlcDH/AldDH 
ortholog.
Esterases
Esters with short-chain fatty acids as the precursors, such as ethyl butanoate and ethyl 
isovalerate, can be formed via amino acid degradation pathways (Figure 3.2). They are important 
for development of the characteristic “fruity” ﬂavor notes in cheeses. A gene named estA encoding 
an esterase which can catalyze the biosynthesis of esters derived from short-chain fatty acids was 
cloned and characterized in lactococcal strains (28), as well as in Lb. helveticus (26) and Lb. casei 
(74). These estA genes shared high sequence similarity, and could be easily distinguished from 
other esterases (17, 26) (data not shown). Many LAB genomes, like those of the lactoccoci and 
streptococci, have one estA gene (Table 3.1). A study of an esterase-negative mutant of Lc. lactis 
conﬁrmed that the estA encodes the only enzyme for synthesis of short-chain fatty acid esters in this 
species (48). Therefore, the absence of the estA gene in Lb. acidophilus, Lb. johnsonni, Lb. salivarius 
and others (Table 3.1), could imply that these strains do not synthesize short-chain fatty acid esters. 
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Enzymes involved in ﬂavor formation from methionine/cysteine metabolism
Methanethiol and other key sulfuric aroma compounds such as dimethyl sulﬁde (DMS), 
dimethyl disulﬁde (DMDS) and dimethyl trisulﬁde (DMTS) have a signiﬁcant impact on cheese 
sensory proﬁles (72). They are normally derived from methionine and cysteine. As methionine and 
cysteine are usually present in only limited amounts in the milk environment, either as free amino 
acids or in milk proteins (52, 58), the formation of sulfur-containing ﬂavor compounds will depend on 
both biosynthesis and catabolic pathways of methionine and cysteine. Figure 3.3 gives an overview of 
the metabolic pathways involved. Hydrogen sulﬁde can be released from cysteine or homocysteine by 
the activities of several C-S lyases or cysteine synthase (CysK) (Figure 3.3), which leads to increased 
H
2
S levels during cheese ripening (7, 34, 46). Several chemical reactions can also contribute to the 
sulfuric ﬂavor compounds formation, e.g. converting cystathionine to DMS or liberating methanethiol 
from methionine in the presence of pyridoxal phosphate (PLP) (72, 73).   
Cysteine
L-serine
O-acetyl-L-serine
CysE
CysK
CGS
Cystathionine Homocysteine
CGL CBS
Methionine
MetH
MetE
Homo-serine
Aspartate 4-semialdehyde
HSDH
NAD(P)H
NAD(P)+
Aspartate
O-phospho-homoserine O-acetyl-homoserineO-succinyl-homoserine
HSK
Threonine
HSAT or HSSTATP
ADP
acetyl-CoA
suc-CoA
HSST
AHSH
H2S
succinate
Pi
H2S
H2S
CBL CysK MGL
chemical
/enzymatic
DMS
Methanethiol
MGL
CBL CGL
Chemical
with PLP
H2S, DMS, DMDS, DMTS
Elimination route
glutamate
keto-glutarate
AT
KMBA
HMBA
HycDH
Transamination
Methional
alcohol carboxylic acid
CoA
CoA
CBL
acetate
CGL
CBL
CGL
KdcA
route
acetate
acetate
acetyl-CoA
CoA
Figure 3.3. Cysteine and methionine metabolism in LAB. Both biosynthesis and 
degradation pathways of cysteine and methionine are included in this map, while the 
catabolic reactions are framed. Biosynthesis of both amino acids comprises a route 
from serine, a route from aspartate and the inter-conversion between cysteine and 
methionine. Degradation of methionine involves the transamination pathway that is 
initiated by aminotransferases and the elimination pathway initiated by C-S lyases. 
Enzymes involved in the pathways are: CysE, serine acetyltransferase; CysK; CBL; 
CGL; MGL; CBS; CGS; HSDH; HSK; HSST; HSAT; AHSH; MetH; MetE; AT, 
aminotransferases; HycDH; and KdcA. Abbreviations of the metabolites produced 
are: KMBA, 4-methylthio-2-oxobutanoate; HMBA, 2-hydroxy-4-methylsulfanyl-
butyric acid; DMS, dimethyl sulﬁde; DMDS, dimethyl disulﬁde; and DMTS, dimethyl 
trisulﬁde. Key sulfur-containing ﬂavor compounds are in italic.
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The metabolism of sulfur-containing amino acids is complex, especially considering the 
existence of multiple alternative pathways/enzymes for methionine biosynthesis (36). Our genome-
wide analysis of LAB showed large differences in the distribution of the related enzymes, indicating 
a high variability in the presence of the different routes (Table 3.2).  Compared to Lb. plantarum and 
S. thermophilus strains, in which most of these genes seem to be present, the other LAB genomes lack 
many of these enzymes. Most S. thermophilus strains exhibit no absolute amino acids requirements 
for growth on minimal medium including sulfur-containing amino acids (43), which agrees with 
our prediction that all biosynthesis enzymes are present. The distribution of these enzymes can also 
vary between different strains of the same LAB species. For instance, in the Lb. delbrueckii subsp. 
bulgaricus ATCC11842 genome, a metE gene is absent and two HSST-encoding genes (metA) are 
inactivated due to point mutations while those genes are present in Lb. delbrueckii subsp. bulgaricus 
ATCC BAA365. Similarly, one of the cbl/cgl genes is truncated in Lc. lactis subsp. cremoris MG1363 
and cgs and metA appear to be pseudogenes in Lc. lactis subsp. cremoris SK11. It should be noted 
that those three genes are located in the same operon in Lactococcus genomes, indicating putative 
frequent mutation events in this region leading to gene inactivation (see Figure S4 in the supplemental 
material). 
Homoserine activation enzymes 
Methionine biosynthesis from homoserine can be initiated by one of three reactions, a 
homoserine kinase reaction, a homoserine trans-succinylase reaction and a homoserine trans-
acetylase reaction, catalyzed by HSK, HSST and HSAT, respectively (Figure 3.3). No homolog of 
HSAT from Bacillus cereus was found using BLAST in any of the sequenced LAB genomes, while 
HSK and HSST are distributed relatively broadly in LAB. Although HSST and HSAT belong to 
different protein families and share little sequence similarity, previous studies revealed that they 
share overlapping substrate speciﬁcity (36). In Bacillus subtilis, HSST is likely to possess homoserine 
trans-acetylase activity (14, 57). Moreover, the orthologous gene in Lb. plantarum is located in the 
same operon as the genes encoding AHSH and HSDH, as in Bacillus (Figure S4 in the supplemental 
material). The genetic organization reﬂects the functional correlation between HSDH, HSST and 
AHSH in Lb. plantarum, a bacteria that is known to lack a TCA-cycle to make succinyl-CoA and 
therefore is restricted to using acetyl-CoA to synthesize methionine (33). Thus, we hypothesize that 
HSAT activities can be complemented by HSST in some LAB, and that HSST together with AHSH 
can form homocysteine, the precursor of methionine.
Homocysteine methylation enzymes 
Methylation of homocysteine, the ﬁnal step of methionine biosynthesis, can be catalyzed by 
either of two non-homologous enzymes, i.e.  MetH, a cobalamin-dependent methionine synthase, or 
MetE, a cobalamin-independent methionine synthase. Both MetH and MetE are present in Lb. reuteri 
strains, S. thermophilus strains and Lb. delbrueckii subsp. bulgaricus strain ATCC BAA365, whereas 
in some other LAB genomes only one enzyme is found (Table 3.2). 
Lyases and synthases: the CysK/CBS family
CysK (cysteine synthase or O-acetylserine-thiol-lyase) and CBS (cystathionine beta-synthase) 
belong to the same protein family, the so-called pyridoxal-phosphate dependent β-family (18, 38, 47). 
Five major subfamilies could be distinguished in the phylogenetic tree of the CysK/CBS protein 
family with relatively good bootstrap support (Figure 3.4). This protein family includes the tryptophan 
synthase β-subunit, threonine dehydratase, and threonine synthase subfamilies. The CysK and CBS 
subfamilies are more closely related to each other than to the other three subfamilies. As a result, 
the attribution of substrate speciﬁcities of these enzymes was less straightforward. In addition, the 
CHAPTER 3
48
only characterized cysK gene in LAB is from Lc. lactis subsp. cremoris MG1363 (30), while none 
of cbs gene products have been studied in any LAB. Actually, all the putative enzymes belonging 
to this CysK/CBS cluster were originally annotated as cysteine synthase (CysK) in LAB genomes 
and given genes names cysK or cysM (Table S1 in the supplemental material). A recent study on the 
enzymes converting methionine to cysteine in Bacillus subtilis (38) has found that both CysK and 
CBS (formerly named YrhA in B. subtilis) have an O-acetylserine-thiol-lyase (cysteine synthase) 
activity, though CysK represented 95% of this activity. In addition, an atypical cystathionine β-
synthase activity was observed for CBS but not for CysK in B. subtilis. 
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Figure 3.4. Phylogenetic tree of the CysK/CBS family. (A colour version can be found in Appendix) Squares represent duplication 
events, while circles represent speciation events. Bootstrap values are reported for a total of 1,000 replicates. Dots indicate the 
experimentally veriﬁed genes from Lc. lactis subsp. cremoris MG1363 (LLM_CysK),   Bacillus subtilis (BSU_CysK and BSU_yrhA_
CBS) and Fusobacterium nucleatum (FN_CysK). The subfamilies related to the tryptophan synthase β-subunit, threonine dehydratase 
and threonine synthase could be distinguished via analysis of the gene context, as most of the corresponding genes are associated 
with speciﬁc amino acid biosynthesis gene clusters (data not shown). The GI code of each protein in the family is preceded by its 
corresponding genome abbreviation. 
The information on cysK and cbs obtained from B. subtilis and on cysK obtained from 
Fusobacterium nucleatum was added to Figure 3.4 to increase the speciﬁcity of the functional 
annotation of the CysK/CBS cluster (34). The branches with the CysK sequences from B. subtilis, 
Lc. lactis and Fb. nucleatum contain orthologous sequences from all lactococcal and streptococcal 
strains, as well as from several Lactobacillus strains, mainly from the Lb. acidophilus group. As 
Figure 3.4 shows, a relatively recent duplication in the CysK subfamily has occurred in lactococcal 
genomes. In Lc. lactis subsp. cremoris MG1363, one of the paralogs was found to be co-transcribed 
with the gene encoding cystathionine beta/gamma lyase (belongs to CBL/CGL lyase group, which 
will be described later) (Figure S5 in the supplemental material), and to be under the regulation of 
the LysR-type regulator CmbR (29, 35). In contrast to CysK, a protein orthologous to B. subtilis CBS 
(YrhA) seems to be absent in lactococcal genomes. This could cause a slower growth of lactococci 
utilizing homocysteine as the only sulfur source, as this phenotype is observed for a cbs (yrhA) mutant 
from B. subtilis (38). Our subdivision into CysK and CBS protein subfamilies was strengthened by the 
observation that almost all the putative cbs orthologs have the same gene context, being located in the 
same operon together with a cbl/cgl gene (belongs to CBL/CGL lyase group, which will be described 
later). In fact, the genetic organization is similar to that of the metC-cysK operon in lactococci (Figure 
S5 in the supplemental material). 
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Lyases and synthases: the CBL/CGL families
Methionine elimination is a major pathway of methionine degradation in some cheese micro-
organisms (78). This pathway is initiated by the dethiomethylation reaction, in which methionine 
is converted to methanethiol by C-S lyases, including methionine γ-lyase (MGL), cystathionine 
β-lyase (CBL), and cystathionine γ-lyase (CGL). MGL catalyses α, γ-elimination of methionine, 
and this activity is observed mainly in brevibacteria and corynebacteria (27). The mgl gene from 
Brevibacterium linens was sequenced, and gene disruption has shown its essential role for ﬂavor 
formation (4). However, none of the LAB genomes seem to have the mgl gene, which is in agreement 
with the near absence of the related enzyme activity observed in LAB (21). 
CBL and CGL catalyze an α, β-elimination and an α, γ-elimination reaction respectively, 
converting cystathionine to homocysteine or cysteine (Figure 3.3). Moreover, it was shown that the 
enzymes are capable of converting other sulfur-containing substrates via α, γ-elimination. For instance, 
methanethiol is formed from methionine, although the enzyme activity toward methionine was around 
10-100 fold lower than toward cystathionine (72, 78). CBL has been puriﬁed from various lactic 
acid bacteria and its gene was previously identiﬁed from Lc. lactis (called metC) and Lb. debrueckii 
subsp. bulgaricus (called patC) (2, 7, 29). CGL enzyme activity has been detected in Lb. reuteri (20), 
Lb. fermentum (61), and Lc. lactis subsp. cremoris SK11 (13) while the gene from Lc. lactis subsp. 
cremoris MG1363 was characterized experimentally (22). Analysis of substrate speciﬁcities suggests 
an overlapping function between CBL and CGL. For example, it has been reported that the gene 
encoding CBL from Lc. lactis subsp. cremoris B78 or MG1363 is also capable of catalyzing the α, 
γ-elimination reaction like CGL (2, 22).
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Figure 3.5. Neighbor-joining tree 
of the CBL/CGL lyase family. 
(A colour version can be found 
in Appendix) Squares represent 
duplication events, while circles 
represent speciation events. 
Bootstrap values were calculated 
for a total of 1000 replicates. 
Experimentally characterized 
proteins are indicated by dots, 
including CGL, CBL and CGS 
from B. subtilis (BSU_yrhB_
CGL, BSU_yjcJ_CBL and 
BSU_yjcI_CGS respectively), the 
CBL/CGL from Lc. lactis subsp. 
cremoris MG1363 and NIZO B78 
(LLC1_MetC and LLC2_MetC 
respectively), the MetB from Lb. 
casei (LCA_MetB), the CGS from 
Streptococcus anginosus (SAN_
CGS), as well as the AHSH (cysD 
gene) from Emericella nidulans 
(NAI_CysD). The GI codes of 
the other LAB proteins in this 
family are shown after the genome 
abbreviation.
CHAPTER 3
50
Sequence analysis of the functional domains of experimentally veriﬁed cbl and cgl gene 
products revealed that they fall into two distinct families which share little sequence similarity. The 
ﬁrst family is the aminotransferase I protein family which mainly consists of various aminotransferases 
including the previously mentioned ArAT and AspAT (Figure S2 in the supplemental material). We 
propose to use cblA/cglA as names for the genes encoding CBL/CGL in this aminotransferase I family. 
Three experimentally characterized genes encoding CBL or CGL were found to belong to this family, 
i.e the patC gene of Lb. debrueckii subsp. bulgaricus (7), the ytjE gene from Lc. lactis subsp. lactis 
IL1403 (46) and the malY gene from Lb. casei (39). All of these enzymes exhibit α, β-elimination 
activity toward cystathionine, however the one from Lc. lactis can also catalyze α, γ-elimination of 
methionine. Orthologs of the cblA/cglA genes from the aminotransferase family are found in many 
LAB genomes (Table 3.2). 
The second family to which CBL/CGL enzymes belong has been designated as the lyase 
family, and includes various methionine or cysteine metabolism-related enzymes: CBL, CGL, and CGS 
(cystathionine γ-synthase), as well as AHSH (O-acetyl homoserine sulfhydrylase). The NJ tree of this 
family clearly shows three major subfamilies, the CBL/CGL subfamily, the CGS/AHSH subfamily, 
and the AHSH subfamily (Figure 3.5). The ﬁrst major subfamily can be divided into two functional 
clusters named “CBL/CGL” and “CBL” respectively, with proposed gene names cblB/cglB. They 
can be distinguished by including experimentally characterized CBL/CGL proteins, encoded by the 
metC genes from Lc. lactis subsp. cremoris MG1363 and B78 (22, 30), the yrhB gene (renamed cgl 
in Figure 3.5) (38) and the metC gene (formally yjcJ, renamed cbl in Figure 3.5) from B. subtilis (8). 
The CGL and CBL from B. subtilis could be separated into two sub-clusters, representing different 
substrate speciﬁcities and physiological roles. Experimentally, the B. subtilis CGL enzyme was found 
to possess cystathionine γ-lyase activity, but was not able to degrade methionine (38).  On the other 
hand, cystathionine β-lyase activity was detected from the CBL enzyme in B. subtilis, but its activity 
toward methionine was not determined (8). The metC genes from Lc. lactis subsp. cremoris grouped 
together with CGL from B. subtilis. However, unlike the B. subtilis CGL, the enzymes encoded 
by the lactococcal metC genes were found to carry out both α, β-elimination and α, γ-elimination 
towards different substrates (22). Therefore, the subgroup “CBL/CGL” seems to display a mixture of 
cystathionine beta- and gamma-lyases activites. It implies that LAB enzymes in this sub-cluster could 
have either solo CGL activity or a CBL/CGL dual activity. 
The second major subfamily in the lyase family contains the yjcI gene (renamed cgs in Figure 
3.5) from B. subtilis and the cgs gene from Streptococcus anginosus. Both genes encode bifunctional 
enzymes which have both cystathionine γ-synthase (CGS) and O-acetyl homoserine sulfhydrylase 
activity (AHSH) (8, 75). Thus we deﬁne this protein subfamily as the (bifunctional) “CGS/AHSH” 
subfamily, and assumed that all the members may exhibit both CGS and AHSH activities. 
The third major subfamily contains unifunctional AHSH enzymes, as suggested by the 
experimentally characterized cysD gene from the fungus Emericella nidulans and other micro-
organisms (15, 59, 60). Notably, almost all the LAB species/strains that contain a member of the 
AHSH subfamily also seem to contain a CGS/AHSH subfamily member, except for Oenococcus 
oeni. Unfortunately, to our knowledge, no experimental evidence on the characterization of CGS or 
AHSH from LAB is available. 
Improved annotation and nomenclature
In this study, we focused on the enzymes involved in ﬂavor-forming pathways, especially 
the ones which catalyze the metabolism of sulfur-containing amino acids leading to sulfuric ﬂavor 
compounds. By combining phylogenetic analysis, experimental evidence and gene context analysis, 
we could improve the original annotations of many of the genes encoding these enzymes in LAB. 
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Some of the previous annotations were sometimes inconsistent and caused much confusion. A more 
consistent nomenclature for genes and proteins is proposed (Table 3.1, Table 3.2, and supplemental 
material Table S1). Various enzymes belong to large protein families. For instance aminotransferases 
ArAT, AspAT and cystathionine lyases CBL/CGL fall into the same aminotransferase family I. 
Subfamilies with different substrate speciﬁcities could be distinguished by our method. Some of the 
enzymes exhibit overlapping substrate speciﬁcities, e.g. ArAT, AspAT and BcAT, although they are 
still expected to have a preference towards certain substrates. The cbs genes from lactic acid bacteria, 
some of which were previously annotated as cysteine synthase (CysK), are now for ﬁrst time proposed 
to be cystathionine beta-synthase instead. Finally, some enzymes are predicted to be able to catalyze 
different types of reactions, for example proteins from the CBL/CGL subfamily may carry out both α, 
β-elimination and α, γ-elimination reactions and proteins from CGS/AHSH subfamily might display 
both cystathionine γ-synthase and O-acetyl homoserine sulfhydrylase activity. 
Flavor-forming potential
The improved gene annotation leads to a better prediction of the ﬂavor-forming potential. S. 
thermophilus and Lactococcus strains as well as some other milk-associated LAB e.g. Lb. casei, seem 
to possess relatively more abundant genes encoding ﬂavor-related enzymes, whereas many of these 
enzymes are lacking in Lb. gasseri and Lb. johnsonii, which are typical bacteria living in the GI-
tract. The Lb. plantarum genome also encodes a large set of enzymes involved in sulfur-containing 
amino acid metabolism, which might reﬂect its ﬂexibility to grow under different conditions (41). It 
is important to keep in mind that only the LAB type strains which have been completely sequenced 
were analyzed in this study. It has been shown that in some cases the presence of ﬂavor-forming 
enzymes can vary between strains from the same species. Therefore, in order to explore the ﬂavor-
forming ability of other LAB strains which have not been sequenced, especially the ones for industrial 
use, experimental techniques such as CGH-microarrays (comparative genomic hybridization with 
microarray) could be applied. On the other hand, high-throughput genome sequencing is now 
becoming so fast and affordable that numerous industrial and environmental LAB strains can soon 
be sequenced. The importance of our in silico analysis is in guiding future genomics sequencing and 
experimentation and thereby validating our predictions.
In conclusion, the identiﬁcation of key enzymes in ﬂavor forming pathways and the prediction 
on ﬂavor-forming capacity of various LAB should provide an excellent starting point to direct the 
selection of potential species and/or strains used for the industrial production of ﬂavored products.
Acknowledgements
This work was supported by grant CSI4017 from the Casimir program of the Ministry of Economic Affairs, 
the Netherlands. C. Francke is supported by the Kluyver Center for Genomics of Industrial Fermentation. We 
thank Dr. Johan van Hylckama Vlieg for critically reading the manuscript.
CHAPTER 3
52
References
1. Altermann, E., W. M. Russell, M. A. zcarate-Peril, R. Barrangou, B. L. Buck, O. McAuliffe, N. Souther, A. Dobson, T. 
Duong, M. Callanan, S. Lick, A. Hamrick, R. Cano, and T. R. Klaenhammer. 2005. Complete genome sequence of the 
probiotic lactic acid bacterium Lactobacillus acidophilus NCFM. Proc. Natl. Acad. Sci. U. S. A. 102:3906-3912.
2. Alting, A. C., W. Engels, S. van Schalkwijk, and F. A. Exterkate. 1995. Puriﬁcation and characterization of cystathionine 
beta-Lyase from Lactococcus lactis subsp. cremoris B78 and its possible role in ﬂavor development in cheese. Appl. Environ. 
Microbiol. 61:4037-4042.
3. Altschul, S. F., T. L. Madden, A. A. Schaffer, J. Zhang, Z. Zhang, W. Miller, and D. J. Lipman. 1997. Gapped BLAST 
and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Res. 25:3389-3402.
4. Amarita, F., M. Yvon, M. Nardi, E. Chambellon, J. Delettre, and P. Bonnarme. 2004. Identiﬁcation and functional 
analysis of the gene encoding methionine gamma-lyase in Brevibacterium linens. Appl. Environ. Microbiol. 70:7348-54.
5. Ardo, Y. 2006. Flavour formation by amino acid catabolism. Biotechnology Advances 24:238-242.
6. Atiles, M. W., E. G. Dudley, and J. L. Steele. 2000. Gene cloning, sequencing, and inactivation of the branched-chain 
aminotransferase of Lactococcus lactis LM0230. Appl. Environ. Microbiol. 66:2325-9.
7. Aubel, D., J. E. Germond, C. Gilbert, and D. Atlan. 2002. Isolation of the patC gene encoding the cystathionine beta-lyase 
of Lactobacillus delbrueckii subsp. bulgaricus and molecular analysis of inter-strain variability in enzyme biosynthesis. 
Microbiology 148:2029-36.
8. Auger, S., W. H. Yuen, A. Danchin, and I. Martin-Verstraete. 2002. The metIC operon involved in methionine biosynthesis 
in Bacillus subtilis is controlled by transcription antitermination. Microbiology 148:507-18.
9. Bairoch, A., R. Apweiler, C. H. Wu, W. C. Barker, B. Boeckmann, S. Ferro, E. Gasteiger, H. Z. Huang, R. Lopez, M. 
Magrane, M. J. Martin, D. A. Natale, C. O’Donovan, N. Redaschi, and L. S. L. Yeh. 2005. The universal protein resource 
(UniProt). Nucleic Acids Res. 33:D154-D159.
10. Bateman, A., L. Coin, R. Durbin, R. D. Finn, V. Hollich, S. Grifﬁths-Jones, A. Khanna, M. Marshall, S. Moxon, E. L. 
L. Sonnhammer, D. J. Studholme, C. Yeats, and S. R. Eddy. 2004. The Pfam protein families database. Nucleic Acids Res. 
32:D138-D141.
11. Bolotin, A., B. Quinquis, P. Renault, A. Sorokin, S. D. Ehrlich, S. Kulakauskas, A. Lapidus, E. Goltsman, M. Mazur, 
G. D. Pusch, M. Fonstein, R. Overbeek, N. Kyprides, B. Purnelle, D. Prozzi, K. Ngui, D. Masuy, F. Hancy, S. Burteau, 
M. Boutry, J. Delcour, A. Goffeau, and P. Hols. 2004. Complete sequence and comparative genome analysis of the dairy 
bacterium Streptococcus thermophilus. Nat. Biotechnol. 22:1554-1558.
12. Bolotin, A., P. Wincker, S. Mauger, O. Jaillon, K. Malarme, J. Weissenbach, S. D. Ehrlich, and A. Sorokin. 2001. The 
complete genome sequence of the lactic acid bacterium Lactococcus lactis ssp lactis IL1403. Genome Res. 11:731-753.
13. Bruinenberg, P. G., G. De Roo, and G. Limsowtin. 1997. Puriﬁcation and characterization of cystathionine gamma-Lyase 
from Lactococcus lactis subsp. cremoris SK11: possible role in ﬂavor compound formation during cheese maturation. Appl. 
Environ. Microbiol. 63:561-566.
14. Brush, A., and H. Paulus. 1971. The enzymic formation of O-acetylhomoserine in Bacillus subtilis and its regulation by 
methionine and S-adenosylmethionine. Biochem. Biophys. Res. Commun. 45:735-41.
15. Brzywczy, J., M. Sienko, A. Kucharska, and A. Paszewski. 2002. Sulphur amino acid synthesis in Schizosaccharomyces 
pombe represents a speciﬁc variant of sulphur metabolism in fungi. Yeast 19:29-35.
16. Chaillou, S., M. C. Champomier-Verges, M. Cornet, A. M. Crutz-Le Coq, A. M. Dudez, V. Martin, S. Beauﬁls, E. 
rbon-Rongere, R. Bossy, V. Loux, and M. Zagorec. 2005. The complete genome sequence of the meat-borne lactic acid 
bacterium Lactobacillus sakei 23K. Nat. Biotechnol. 23:1527-1533.
17. Choi, Y. J., C. B. Miguez, and B. H. Lee. 2004. Characterization and heterologous gene expression of a novel esterase from 
Lactobacillus casei CL96. Appl. Environ. Microbiol. 70:3213-21.
18. Christen, P., and P. K. Mehta. 2001. From cofactor to enzymes. The molecular evolution of pyridoxal-5’-phosphate-
dependent enzymes. Chem Rec 1:436-47.
19. Claesson, M. J., Y. Li, S. Leahy, C. Canchaya, J. P. van Pijkeren, A. M. Cerdeno-Tarraga, J. Parkhill, S. Flynn, G. 
C. O’Sullivan, J. K. Collins, D. Higgins, F. Shanahan, G. F. Fitzgerald, D. van Sinderen, and P. W. O’Toole. 2006. 
Multireplicon genome architecture of Lactobacillus salivarius. Proc. Natl. Acad. Sci. U. S. A. 103:6718-23.
20. De Angelis, M., A. C. Curtin, P. L. McSweeney, M. Faccia, and M. Gobbetti. 2002. Lactobacillus reuteri DSM 20016: 
puriﬁcation and characterization of a cystathionine gamma-lyase and use as adjunct starter in cheesemaking. J. Dairy Res. 
69:255-67.
21. Dias, B., and B. Weimer. 1998. Conversion of methionine to thiols by lactococci, lactobacilli, and brevibacteria. Appl. 
Environ. Microbiol. 64:3320-6.
22. Dobric, N., G. K. Limsowtin, A. J. Hillier, N. P. Dudman, and B. E. Davidson. 2000. Identiﬁcation and characterization 
of a cystathionine beta/gamma-lyase from Lactococcus lactis ssp. cremoris MG1363. FEMS Microbiol. Lett. 182:249-54.
23. Dudley, E., and J. Steele. 2001. Lactococcus lactis LM0230 contains a single aminotransferase involved in aspartate 
biosynthesis, which is essential for growth in milk. Microbiology 147:215-24.
24. Durbin, R., S. Eddy, A. Krogh, and G. and Mitchison. 1998. Biological Sequence Analysis: Probabilistic Models of 
Proteins and Nucleic Acids. Cambridge University Press.
25. Edgar, R. C. 2004. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 
32:1792-1797.
26. Fenster, K. M., K. L. Parkin, and J. L. Steele. 2000. Characterization of an arylesterase from Lactobacillus helveticus 
CNRZ32. J. Appl. Microbiol. 88:572-83.
FLAVOUR-FORMING PATHWAYS FROM AMINO ACIDS IN LAB
53
C
H
A
P
T
E
R
 3
27. Ferchichi, M., D. Hemme, M. Nardi, and N. Pamboukdjian. 1985. Production of methanethiol from methionine by 
Brevibacterium linens CNRZ 918. J. Gen. Microbiol. 131:715-23.
28. Fernandez, L., M. M. Beerthuyzen, J. Brown, R. J. Siezen, T. Coolbear, R. Holland, and O. P. Kuipers. 2000. Cloning, 
characterization, controlled overexpression, and inactivation of the major tributyrin esterase gene of Lactococcus lactis. 
Appl. Environ. Microbiol. 66:1360-8.
29. Fernandez, M., M. Kleerebezem, O. P. Kuipers, R. J. Siezen, and R. van Kranenburg. 2002. Regulation of the metC-
cysK operon, involved in sulfur metabolism in Lactococcus lactis. J. Bacteriol. 184:82-90.
30. Fernandez, M., W. van Doesburg, G. A. Rutten, J. D. Marugg, A. C. Alting, R. van Kranenburg, and O. P. Kuipers. 
2000. Molecular and functional analyses of the metC gene of Lactococcus lactis, encoding cystathionine beta-lyase. Appl. 
Environ. Microbiol. 66:42-8.
31. Fernandez, M., and M. Zuniga. 2006. Amino acid catabolic pathways of lactic acid bacteria. Crit. Rev. Microbiol. 32:155-
83.
32. Francke, C., R. Kerkhoven, M. Wels, and R. J. Siezen. 2008. A generic approach to identify Transcription Factor-speciﬁc 
operator motifs; inferences for LacI-family mediated regulation in Lactobacillus plantarum WCFS1. BMC Genomics 
9:145.
33. Francke, C., R. J. Siezen, and B. Teusink. 2005. Reconstructing the metabolic network of a bacterium from its genome. 
Trends Microbiol. 13:550-8.
34. Fukamachi, H., Y. Nakano, M. Yoshimura, and T. Koga. 2002. Cloning and characterization of the L-cysteine desulfhydrase 
gene of Fusobacterium nucleatum. FEMS Microbiol. Lett. 215:75-80.
35. Golic, N., M. Schliekelmann, M. Fernandez, M. Kleerebezem, and R. van Kranenburg. 2005. Molecular characterization 
of the CmbR activator-binding site in the metC-cysK promoter region in Lactococcus lactis. Microbiology 151:439-46.
36. Gophna, U., E. Bapteste, W. F. Doolittle, D. Biran, and E. Z. Ron. 2005. Evolutionary plasticity of methionine biosynthesis. 
Gene 355:48-57.
37. Helinck, S., D. Le Bars, D. Moreau, and M. Yvon. 2004. Ability of thermophilic lactic acid bacteria to produce aroma 
compounds from amino acids. Appl. Environ. Microbiol. 70:3855-61.
38. Hullo, M. F., S. Auger, O. Soutourina, O. Barzu, M. Yvon, A. Danchin, and I. Martin-Verstraete. 2007. Conversion of 
methionine to cysteine in Bacillus subtilis and its regulation. J. Bacteriol. 189:187-97.
39. Irmler, S., S. Raboud, B. Beisert, D. Rauhut, and H. Berthoud. 2007. Cloning and characterization of two genes encoding 
a C-S lyase from Lactobacillus casei. Appl. Environ. Microbiol. 9:9.
40. Jensen, R. A., and W. Gu. 1996. Evolutionary recruitment of biochemically specialized subdivisions of Family I within the 
protein superfamily of aminotransferases. J. Bacteriol. 178:2161-71.
41. Kleerebezem, M., J. Boekhorst, R. van Kranenburg, D. Molenaar, O. P. Kuipers, R. Leer, R. Tarchini, S. A. Peters, H. 
M. Sandbrink, M. Fiers, W. Stiekema, R. M. K. Lankhorst, P. A. Bron, S. M. Hoffer, M. N. N. Groot, R. Kerkhoven, 
M. de Vries, B. Ursing, W. M. de Vos, and R. J. Siezen. 2003. Complete genome sequence of Lactobacillus plantarum 
WCFS1. Proc. Natl. Acad. Sci. U. S. A. 100:1990-1995.
42. Lerch, H. P., H. Blocker, H. Kallwass, J. Hoppe, H. Tsai, and J. Collins. 1989. Cloning, sequencing and expression in 
Escherichia coli of the D-2-hydroxyisocaproate dehydrogenase gene of Lactobacillus casei. Gene 78:47-57.
43. Letort, C., and V. Juillard. 2001. Development of a minimal chemically-deﬁned medium for the exponential growth of 
Streptococcus thermophilus. J. Appl. Microbiol. 91:1023-9.
44. Liu, M. J., F. H. J. van Enckevort, and R. J. Siezen. 2005. Genome update: lactic acid bacteria genome sequencing is 
booming. Microbiology 151:3811-3814.
45. Makarova, K., A. Slesarev, Y. Wolf, A. Sorokin, B. Mirkin, E. Koonin, A. Pavlov, N. Pavlova, V. Karamychev, N. 
Polouchine, V. Shakhova, I. Grigoriev, Y. Lou, D. Rohksar, S. Lucas, K. Huang, D. M. Goodstein, T. Hawkins, V. 
Plengvidhya, D. Welker, J. Hughes, Y. Goh, A. Benson, K. Baldwin, J. H. Lee, I. Diaz-Muniz, B. Dosti, V. Smeianov, W. 
Wechter, R. Barabote, G. Lorca, E. Altermann, R. Barrangou, B. Ganesan, Y. Xie, H. Rawsthorne, D. Tamir, C. Parker, 
F. Breidt, J. Broadbent, R. Hutkins, D. O’Sullivan, J. Steele, G. Unlu, M. Saier, T. Klaenhammer, P. Richardson, S. 
Kozyavkin, B. Weimer, and D. Mills. 2006. Comparative genomics of the lactic acid bacteria. Proc. Natl. Acad. Sci. U. S. 
A. 103:15611-6.
46. Martinez-Cuesta, M. C., C. Pelaez, J. Eagles, M. J. Gasson, T. Requena, and S. B. Hanniffy. 2006. YtjE from Lactococcus 
lactis IL1403 is a C-S lyase with alpha, gamma-elimination activity toward methionine. Appl. Environ. Microbiol. 72:4878-
84.
47. Mehta, P. K., and P. Christen. 2000. The molecular evolution of pyridoxal-5’-phosphate-dependent enzymes. Adv. Enzymol. 
Relat. Areas Mol. Biol. 74:129-84.
48. Nardi, M., C. Fiez-Vandal, P. Tailliez, and V. Monnet. 2002. The EstA esterase is responsible for the main capacity of 
Lactococcus lactis to synthesize short chain fatty acid esters in vitro. J. Appl. Microbiol. 93:994-1002.
49. Nieﬁnd, K., H. J. Hecht, and D. Schomburg. 1995. Crystal structure of L-2-hydroxyisocaproate dehydrogenase from 
Lactobacillus confusus at 2.2 A resolution. An example of strong asymmetry between subunits. J. Mol. Biol. 251:256-81.
50. Overbeek, R., N. Larsen, T. Walunas, M. D’Souza, G. Pusch, E. Selkov, K. Liolios, V. Joukov, D. Kaznadzey, I. 
Anderson, A. Bhattacharyya, H. Burd, W. Gardner, P. Hanke, V. Kapatral, N. Mikhailova, O. Vasieva, A. Osterman, 
V. Vonstein, M. Fonstein, N. Ivanova, and N. Kyrpides. 2003. The ERGO (TM) genome analysis and discovery system. 
Nucleic Acids Res. 31:164-171.
51. Perozich, J., H. Nicholas, B. C. Wang, R. Lindahl, and J. Hempel. 1999. Relationships within the aldehyde dehydrogenase 
extended family. Protein Sci. 8:137-46.
52. Pieniazek, D., Z. Grabarek, and M. Rakowska. 1975. Quantitative determination of the content of available methionine 
CHAPTER 3
54
and cysteine in food proteins. Nutr. Metab. 18:16-22.
53. Pridmore, R. D., B. Berger, F. Desiere, D. Vilanova, C. Barretto, A. C. Pittet, M. C. Zwahlen, M. Rouvet, E. Altermann, 
R. Barrangou, B. Mollet, A. Mercenier, T. Klaenhammer, F. Arigoni, and M. A. Schell. 2004. The genome sequence of 
the probiotic intestinal bacterium Lactobacillus johnsonii NCC 533. Proc. Natl. Acad. Sci. U. S. A. 101:2512-2517.
54. Radianingtyas, H., and P. C. Wright. 2003. Alcohol dehydrogenases from thermophilic and hyperthermophilic archaea and 
bacteria. FEMS Microbiol. Rev. 27:593-616.
55. Rijnen, L., S. Bonneau, and M. Yvon. 1999. Genetic characterization of the major lactococcal aromatic aminotransferase 
and its involvement in conversion of amino acids to aroma compounds. Appl. Environ. Microbiol. 65:4873-4880.
56. Rijnen, L., M. Yvon, R. van Kranenburg, P. Courtin, A. Verheul, E. Chambellon, and G. Smit. 2003. Lactococcal 
aminotransferases AraT and BcaT are key enzymes for the formation of aroma compounds from amino acids in cheese. 
International Dairy Journal 13:805-812.
57. Rodionov, D. A., A. G. Vitreschak, A. A. Mironov, and M. S. Gelfand. 2004. Comparative genomics of the methionine 
metabolism in Gram-positive bacteria: a variety of regulatory systems. Nucleic Acids Res 32:3340-53.
58. Rutherfurd, S. M., and P. J. Moughan. 1998. The digestible amino acid composition of several milk proteins: application 
of a new bioassay. J. Dairy Sci. 81:909-17.
59. Shimizu, H., S. Yamagata, R. Masui, Y. Inoue, T. Shibata, S. Yokoyama, S. Kuramitsu, and T. Iwama. 2001. Cloning 
and overexpression of the oah1 gene encoding O-acetyl-L-homoserine sulfhydrylase of Thermus thermophilus HB8 and 
characterization of the gene product. Biochim. Biophys. Acta 1549:61-72.
60. Sie’nko, M., J. Topczewski, and A. Paszewski. 1998. Structure and regulation of cysD, the homocysteine synthase gene of 
Aspergillus nidulans. Curr. Genet. 33:136-44.
61. Smacchi, E., and M. Gobbetti. 1998. Puriﬁcation and characterization of cystathionine gamma-lyase from Lactobacillus 
fermentum DT41. FEMS Microbiol. Lett. 166:197-202.
62. Smit, B. A., W. J. M. Engels, J. Bruinsma, J. Vlieg, J. T. M. Wouters, and G. Smit. 2004. Development of a high 
throughput screening method to test ﬂavour-forming capabilities of anaerobic micro-organisms. J. Appl. Microbiol. 97:306-
313.
63. Smit, B. A., W. J. M. Engels, J. T. M. Wouters, and G. Smit. 2004. Diversity of L-leucine catabolism in various 
microorganisms involved in dairy fermentations, and identiﬁcation of the rate-controlling step in the formation of the potent 
ﬂavour component 3-methylbutanal. Appl. Microbiol. Biotechnol. 64:396-402.
64. Smit, B. A., J. Vlieg, W. J. M. Engels, L. Meijer, J. T. M. Wouters, and G. Smit. 2005. Identiﬁcation, cloning, and 
characterization of a Lactococcus lactis branched-chain alpha-keto acid decarboxylase involved in ﬂavor formation. Appl. 
Environ. Microbiol. 71:303-311.
65. Smit, G., B. A. Smit, and W. J. M. Engels. 2005. Flavour formation by lactic acid bacteria and biochemical ﬂavour proﬁling 
of cheese products. FEMS Microbiol. Rev. 29:591-610.
66. Tanous, C., A. Kieronczyk, S. Helinck, E. Chambellon, and M. Yvon. 2002. Glutamate dehydrogenase activity: a major 
criterion for the selection of ﬂavour-producing lactic acid bacteria strains. Antonie Van Leeuwenhoek 82:271-8.
67. Thompson, J. D., T. J. Gibson, F. Plewniak, F. Jeanmougin, and D. G. Higgins. 1997. The CLUSTAL_X windows 
interface: ﬂexible strategies for multiple sequence alignment aided by quality analysis tools. Nucleic Acids Res. 25:4876-
4882.
68. van de Guchte, M., S. Penaud, C. Grimaldi, V. Barbe, K. Bryson, P. Nicolas, C. Robert, S. Oztas, S. Mangenot, A. 
Couloux, V. Loux, R. Dervyn, R. Bossy, A. Bolotin, J. M. Batto, T. Walunas, J. F. Gibrat, P. Bessieres, J. Weissenbach, 
S. D. Ehrlich, and E. Maguin. 2006. The complete genome sequence of Lactobacillus bulgaricus reveals extensive and 
ongoing reductive evolution. Proc. Natl. Acad. Sci. U. S. A. 103:9274-9.
69. van der Heijden, R. T., B. Snel, V. van Noort, and M. A. Huynen. 2007. Orthology prediction at scalable resolution by 
phylogenetic tree analysis. BMC Bioinformatics 8:83.
70. Ward, D. E., R. P. Ross, C. C. van der Weijden, J. L. Snoep, and A. Claiborne. 1999. Catabolism of branched-chain 
alpha-keto acids in Enterococcus faecalis: the bkd gene cluster, enzymes, and metabolic route. J. Bacteriol. 181:5433-42.
71. Wegmann, U., M. O’Connell-Motherway, A. Zomer, G. Buist, C. Shearman, C. Canchaya, M. Ventura, A. Goesmann, 
M. J. Gasson, O. P. Kuipers, D. van Sinderen, and J. Kok. 2007. Complete genome sequence of the prototype lactic acid 
bacterium Lactococcus lactis subsp. cremoris MG1363. J. Bacteriol. 189:3256-70.
72. Weimer, B., K. Seefeldt, and B. Dias. 1999. Sulfur metabolism in bacteria associated with cheese. Antonie Van Leeuwenhoek 
76:247-61.
73. Wolle, D. D., D. S. Banavara, and S. A. Rankin. 2006. Short communication: empirical and mechanistic evidence for the 
role of pyridoxal-5’-phosphate in the generation of methanethiol from methionine. J. Dairy Sci. 89:4545-50.
74. Yebra, M. J., R. Viana, V. Monedero, J. Deutscher, and G. Perez-Martinez. 2004. An esterase gene from Lactobacillus 
casei cotranscribed with genes encoding a phosphoenolpyruvate:sugar phosphotransferase system and regulated by a LevR-
like activator and sigma54 factor. J Mol Microbiol Biotechnol 8:117-28.
75. Yoshida, Y., M. Negishi, and Y. Nakano. 2003. Homocysteine biosynthesis pathways of Streptococcus anginosus. FEMS 
Microbiol. Lett. 221:277-84.
76. Yvon, M. 2006. Key enzymes for ﬂavour formation by lactic acid bacteria. Aust. J. Dairy Technol. 61:88-96.
77. Yvon, M., E. Chambellon, A. Bolotin, and F. Roudot-Algaron. 2000. Characterization and role of the branched-chain 
aminotransferase (BcaT) isolated from Lactococcus lactis subsp cremoris NCDO 763. Appl. Environ. Microbiol. 66:571-
577.
78. Yvon, M., and L. Rijnen. 2001. Cheese ﬂavour formation by amino acid catabolism. International Dairy Journal 11:185-
201.
REGULATION OF CYSTEINE AND METHIONINE METABOLISM IN LAB
55
C
H
A
P
T
E
R
 4
Chapter 4
REGULATION OF CYSTEINE AND METHIONINE 
METABOLISM IN LACTIC ACID BACTERIA
             Mengjin Liu, Celine Prakash, Arjen Nauta, Roland J. Siezen, 
Christof Francke
Manuscript in preparation
CHAPTER 4
56
Abstract
Sulphuric volatile compounds provide many dairy products a characteristic odour and taste. The 
volatile compounds mainly originate during the catabolism of the sulphur-containing amino acids 
cysteine and methionine by lactic acid bacteria (LAB). By in silico comparative analysis of whole 
genome sequences, we have systematically studied the transcriptional regulatory mechanisms 
controlling twelve of the key enzymes of cysteine and methionine metabolism in twenty LAB strains. 
Potential riboswitches were identiﬁed using literature-based Hidden Markov Models. Seven new Met 
T-boxes were found, whereas the absence of S-boxes in LAB was conﬁrmed. Using a comprehensive 
footprinting method, we identiﬁed many putative transcription factor binding sites that have not been 
reported before. These include cis-regulatory motifs associated with the cbs-cblB/cglB operon in 
various lactobacilli, O. oeni, Leuconostoc and S. thermophilus strains, as well as the thrB gene in L. 
acidophilus and L. gasseri. Moreover, it appeared necessary to redeﬁne the binding motifs related to 
the transcriptional regulators CmbR and MetR/MtaR reported previously in literature. The redeﬁned 
motifs obey the dyad symmetry AT-N11-AT that is typical for the LysR family of regulators and 
correspond well with experimental data. Finally, we have reconstructed the transcriptional regulatory 
networks of cysteine and methionine metabolism. This knowledge can be used to better control the 
sulphuric volatile compound formation by different LAB. 
Introduction
Many of the characteristic odours in cheese are the result of metabolic reactions involving the 
sulphur-containing amino acids. Degradation of cysteine and methionine, leads to the production of 
ﬂavour components such as methanethiol, dimethyl sulphide (DMS), dimethyl disulphide (DMDS) 
and dimethyl trisulphide (DMTS). Knowledge of the regulation of the metabolic routes that lead to 
the formation of these ﬂavour compounds and their precursors will therefore be of great importance 
to rationally control the ﬂavour proﬁles of dairy products.
Several studies describing part of the regulation of sulphur-containing amino acid metabolism 
in lactic acid bacteria (LAB) and other closely related gram-positive bacteria have been published in 
past years. For instance, Hullo et al. [1] report on the regulatory mechanisms related to methionine 
and cysteine conversions in Bacillus subtilis, whereas Sperandio et al. describe these relations for 
Lactococcus lactis [2] and Streptocococus mutans [3]. Furthermore, Kovaleva and Gelfand [4] and 
Rodionov et al. [5] performed comparative in silico studies for the transcriptional regulators CmbR 
and MtaR within selected gram-positive bacteria.   However, a systematic comparative analysis of the 
transcriptional control of all key enzymes involved in cysteine and methionine metabolism in LAB 
is still lacking. 
Previously, we have improved the annotation of the key enzymes involved in the metabolism of 
cysteine and methionine in LAB using a genome-wide comparative analysis [6]. The related reactions 
and species-speciﬁc pathways are displayed in Figure 4.1A. In this study, an in-depth in silico analysis 
of the associated transcriptional regulatory mechanisms has been carried out. Transcription regulatory 
motifs preceding the genes/operons encoding the twelve key enzymes in twenty different LAB were 
identiﬁed and compared. Binding motifs for CmbR and MetR/MtaR in lactococci and streptococci 
were highly improved from the previous reports of distinct binding sequences. New Met T-boxes 
riboswitches were identiﬁed in strains such as L. bulgaricus, L. reuteri and L. casei, and previously 
found Met T-boxes, such as in L. plantarum, were conﬁrmed.
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Materials and Methods
 Genomic information and Tools
Genomic information was retrieved from the ERGO resource [7] and from the NCBI microbial 
genome database (http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi). Multiple sequence alignments 
and neighbour-joining trees (corrected for multiple substitutions) were generated using ClustalX [8]. 
BioEdit was used to manipulate the alignments and to toggle between translated protein and nucleotide 
sequence (version 7.0.9, http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Hidden Markov Models 
(HMMs) were made and genome-wide HMM searches were performed using the HMMER package 
(http://hmmer.janelia.org/)[9]
The identiﬁcation of riboswitches 
Hidden Markov Models were constructed for the T-box motif and for the S-box (SAM-I) motif 
on basis of the available literature [5, 10].  Both HMMs were used to scan the LAB genomes (cut-off 
e-value 1 [10]) and the locations of putative motifs were retrieved. The amino acid speciﬁcity of the 
detected T-boxes was identiﬁed on basis of the speciﬁer codon as described by Wels et al. [10].
The identiﬁcation of putative regulatory elements
Cis-regulatory elements were identiﬁed according to the speciﬁc footprinting method described 
by Francke et al. [11] and de Been et al.[12]. The method relies on the deﬁnition of Groups Of 
Orthologous Functional Equivalents (GOOFEs) on basis of synteny. The orthologous relationships 
of the genes encoding the enzymes involved in the metabolism of sulphur-containing amino acids in 
LAB [6] were used to deﬁne the GOOFEs. The comparative linear genome maps generated by the 
Microbial Genome Viewer [13] were used to determine synteny. For every GOOFE, the upstream 
regions (normally ~200 nucleotides) were collected and conserved sequence elements were searched 
using MEME (Multiple EM for Motif Elicitation) [14] and/or manually from a multiple sequence 
alignment. The resulting putative regulatory elements were compared and when necessary redeﬁned. 
Finally, the regulatory elements were related to all genes present in the downstream operon. Operons 
were deﬁned as genes on the same strand with intergenic regions less than 250 nucleotides and not 
interrupted by a termination signal. 
Results and Discussion
The transcription regulation of the genes encoding cysteine and methionine metabolism in 
LAB involves both regulator-binding and RNA riboswitch mechanisms. Two speciﬁc transcriptional 
regulators MtaR and CmbR have been shown to be involved in activation as well as repression of 
genes such as metC-cysK, cysD, metEF and metA in Lactococcus lactis [2, 15], and in streptococci [3, 
4]. In addition, two types of riboswitches for the regulation of methionine and cysteine metabolism 
have been reported in prokaryotes: i.e.  the T-box and S-box [5, 10, 16]. A riboswitch is a structural 
sequence element at the 5’ untranslated region of an mRNA that can switch conformation depending 
on the binding of an effector molecule and therewith terminates transcription (no binding) or allows 
read through (upon binding) [17, 18]. We have searched for T-boxes and S-boxes associated with 
cysteine and methionine metabolism in LAB using literature-based Hidden Markov Models. In 
addition, we have searched the same upstream regions for other regulatory elements, including those 
related to MtaR and CmbR, using our comprehensive footprinting procedure [11, 12]. 
MtaR and CmbR both belong to the LysR family of transcription regulators (LTTRs). A 
neighbour-joining tree of homologous LysR family proteins in LAB was constructed on basis of a 
comprehensive BLAST search of homologs (cut-off e-value: 1*e-5) in all sequenced LAB genomes, 
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using the sequences of MetR from S. mutans, MtaR from S. agalactiae and CmbR from L. lactis as 
seeds. The clustering of protein sequences within the tree (Figure 4.2) clearly indicates that MetR of 
S. mutans and MtaR of S. agalactiae are orthologous and that CmbR is their closest relative.  
CmbR
CmbR
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MetR/MtaR
LysR family
Other members from LysR family
Figure 4.2. Bootstrapped (n=1000) partial neighbor-joining tree of LysR family transcription regulators in LAB. Only the 
branches of the CmbR and MetR/MtaR subfamilies are shown. The CmbR subfamily and MetR/MtaR subfamily are highlighted.  If 
known, GI codes follow the strain abbreviations (see legend to Figure 4.1). SAG for S. agalactiae, SMU for S. mutans, SPG for S. 
gordonii, SPF for S. pneumoniae, STA for S. suis. Experimentally validated regulatory proteins are indicated by dots following the 
names.
The LysR-family represents a common type of transcriptional regulators in prokaryotes, as the 
member proteins consist of a signal molecule binding domain and a helix-turn-helix (HTH) DNA-
binding domain. The family contains a number of well-studied proteins, including AlsR, CcpC, CitR, 
GltR, YwfK and CmbR. Table 4.1 summarizes the experimentally characterized LysR-family members 
and the sequence of their DNA-binding site. A straightforward comparison of the reported binding 
sites clearly reveals a common motif structure of the cis-elements, namely ATNNNN---NNNNAT. 
The motif displays a dyad symmetry and a conserved spacing of three nucleotides. This motif agrees 
well with the observation made by Schell et al. [19] in 1993 that LysR-family members generally 
recognize a box with a conserved sequence T-N
11
-A, located 50-80 bp upstream of the transcriptional 
start sites.  Surprisingly, the motifs that have been reported in later literature in some cases deviate 
strongly from this clear consensus.
In the following, we will describe the comparative analysis of the riboswitches and cis-
regulatory elements in more detail. The ﬁndings are compared to earlier reports in literature and 
the implications of the observed discrepancies will be discussed. The resulting reconstruction of 
regulatory connections is summarized in Figure 4.1 for the various LAB, where the new ﬁndings are 
highlighted. 
Riboswitches
Recently, comprehensive studies have appeared that describe the occurrence and evolution 
of T-boxes among prokaryotes [5, 10, 20].  We have used the T-box HMMs of [10] to search 
newly sequenced LAB genomes and we identiﬁed twenty-three T-boxes associated with genes/
operons involved in Met/Cys metabolism (supplemental Table S1). As a control we also scanned 
the LAB genomes included in the previous studies of Wels et al. [10] and Rodionov et al. [5, 10]. 
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The conservation of the ATG speciﬁer codon in the multiple sequence alignment of all recovered 
T-boxes (see supplementary material File 3) implies that they all could respond to the absence of 
the same signal molecule, methionine. We found  that genes cgs, metE, hom1, metA and cysD from 
L. plantarum and operons metA-cgs-cblB/cglB and metE-metF from Leuconostoc are regulated by 
a T-box like, in agreement with Wels et al. [10] and Rodionov et al. [5]. Also cysE, encoding a 
serine acetyltransferase was found to be preceded by a T-box in B. subtilis, as reported by [21]. New 
Met T-boxes were identiﬁed upstream of the genes cysD in Leuconostoc, metE and metA in the two 
sequenced L. bulgaricus strains, metH and metE in the two sequenced L. reuteri strains, as well as cgs 
and metE in L. casei (see supplemental Table S1). 
In S-box transcriptional regulation, the folding of the leader region of the regulated gene 
is dependent on the effector molecule S-adenosylmethionine (SAM)[22, 23]. SAM-I riboswitches 
are extensively found upstream of genes involved in sulphur metabolism and transport in several 
Firmicutes, especially in Bacillales and Clostridia [5, 24], but they have not been reported in 
LAB. Correspondingly, no SAM-I riboswitches were detected by us upstream of genes involved in 
methionine and cysteine metabolism in LAB. 
Transcriptional Regulator MetR/MtaR 
By previous in silico approaches, a 17-bp palindromic sequence TATAGTTtnaAACTATA, 
named the MET box, was identiﬁed upstream of genes such as metY, metA, metQ, metI and the metEF 
operon in streptococci and upstream of the metEF operon in L. lactis [4, 5]. However, the regulatory 
protein which binds to the MET-box was yet to be identiﬁed.  Rodionov et al. [5] ﬁrst proposed that 
the transcriptional regulator MtaR, known to be involved in methionine uptake in S. agalactiae, 
fulﬁlled this role. A more recent study showed that MetR, which has 81% identity to MtaR, is the 
regulator protein that binds to the MET-box in S. mutans [3].  Indeed, MetR and MtaR can be inferred 
to fulﬁl the same role as they are orthologs (Figure 4.2). The MET-box motif was identiﬁed in the 
promoter regions of atmB, metE, cysD, metA, and smu.1487 in S. mutans and binding of MetR to 
these MET-boxes was conﬁrmed with gel mobility shift assays and base substitutions in the MET-
boxes [3] (Table 4.1).
We combined the experimentally identiﬁed binding sites and our in silico analyses to redeﬁne 
the binding motif for MetR/MtaR in both lactococcal and streptococcal strains (Figure 4.3). The 
putative binding sites of MetR/MtaR show a palindromic structure, ATA-N9-TAT, which is typical for 
the LysR-family (see Table 4.1). The most conserved element ATAGTT is located upstream, whereas 
the downstream element N3-XXCTAT shows somewhat less conservation. As expected, the complete 
MetR/MtaR binding motif we thus deﬁne, ‘ATAGTT-N3-XXCTAT’, agrees almost completely with 
the previously deﬁned MET-box, but it is two nucleotides shorter, in agreement with the LysR-family 
characteristic. As the recovery of putative binding sites in genome-wide searches is very sensitive to 
the precise composition of the search-motif, we prefer to use the newly deﬁned motif.
A genome-wide search with the redeﬁned MetR/MtaR binding motif recovered the operator 
binding sites from the upstream region of metH, metE, and metA in the various S. thermophilus 
genomes and, with the exception of metA, in the L. lactis genomes (Figure 4.1).  The MetR/MtaR 
subfamily is also found in various other LAB including L. plantarum, L. bulgaricus, and Streptococcus 
species such as S. agalactiae, S. mutans, S. gordonii, S. pneumoniae, and S. suis. Indeed a MetR/
MtaR-like motif (ATAGTT-N3-GAAATT) was found upstream of metE from L. bulgarius ATCC 
BAA365 (supplemental Table S2, Figure 4.1). However, in L. plantarum the MetR/MtaR motif has 
not been identiﬁed upstream of the genes associated in Met/Cys metabolism.  
The MetR/MtaR binding sites are found in the upstream region of metH and metE genes in L. 
lactis and S. thermophilus strains (Figure 4.3), with a putative direct-repeat structure [3]. The ﬁrst site 
is mostly around 60-70bp from the transcriptional start and usually displays an activation role when 
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binding to the regulator [3]. The second putative binding site, which is closer to the transcriptional 
start, is far less conserved. Therefore, it is reasonable to assume that the second site has less afﬁnity for 
the regulator compared to the upstream site. Considering the location of this downstream second site 
with respect to the promoter and its overlapping with the TATA box, binding of the transcription factor 
at this site probably results in repression of transcription. This organization has clear implications for 
the dynamics of MetR/MtaR-mediated transcriptional regulation of these genes. We hypothesize that 
MetR/MtaR activates the transcription when bound to the high-afﬁnity upstream site, whereas when 
the concentration of the regulator in the cell is high enough, it will also bind to the second site and 
repress the transcription.  
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Figure 4.3. MetR/MtaR binding sites in 
Lactococcus and Streptococcus. The sites 
are located upstream of metH and metA in the 
Streptococci as well as upstream of metE in 
both the Streptococcus and Lactococcus strains 
(The displayed sequences represent sequences at 
the bacterial species level). The actual putative 
binding sites are indicated in grey. 
Transcriptional regulator CmbR 
A second member of the LysR-family, CmbR, was found to positively regulate the metC-cysK 
operon in L. lactis. In fact, eighteen genes of L. lactis in the pathways for cysteine and methionine 
metabolism are controlled by this regulator [2]. These genes, which are clustered in several 
transcriptional units, include cysD, cysM (cysK homolog), and the operons metB2(cblB/cglB)-cysK 
and metA-metB1(cgs)-ytjE(cblA/cglA) [2]. It was shown that binding of CmbR to the promoters in L. 
lactis is stimulated by O-acetyl-L-serine and low cysteine and methionine concentrations [15, 25].
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As CmbR belongs to the LysR-family of transcription regulators, one would expect its binding 
site to have a common LysR-family motif. However, each of the studies into CmbR binding to date has 
resulted in a distinctly different CmbR-binding motif prediction. In the ﬁrst study, a deletion analysis 
showed that a direct repeat of ATAAAAAAA is required for metC activation by CmbR [15].  In the 
second study, the upstream regions of seven transcriptional units found to be regulated by CmbR in L. 
lactis were analyzed. A ﬁrst consensus binding sequence TWAAAAATTNNTA was proposed, centered 
46 to 53 bp upstream of the transcriptional start, with a second consensus TWAAAWANNTNNA, 
located 8 to 10 bp upstream [2]. The proposed boxes for CmbR binding of the metB2 and cysD 
gene promoter regions were conﬁrmed by gel-shift experiments [2, 15]. The recent publication by 
Kovaleva et al. [4] describes an in silico analysis of upstream regions of cysteine biosynthesis genes 
in streptococcal species and deﬁnes the CmbR-binding motif as TGATA-N
9
-TATCA-N
2-4
-TGATA. 
[433]
[654]
[788]
[1000]
[1000]
[1.1.1] LLM_125624565
[1.1.1] LLX_15672764
[1.1.1] LLA_116511591
[1000]
[1.1.2] LLX_15672522
[1000] [1.1.2] LLM_125623375
[1.1.2] LLA_116511337
[1000] [1.1] STM_116627279
[1000] [1.1] STH_55822343
[1.1] STU_55820459
CysK family 
CBL/CGL CysK1
1,766,725 1,746,725
(lyase group)
782,352 802,352
765,214 785,214
Other LAB 
536,730
510,448
515,104
365,216
356,672
364,138
516,730
490,448
495,104
345,216
336,672
344,138
 CysK2(CysM)
 CysM1
cblB/cglB-cysK1
cysK2(cysM)
′
cysM1
Lactococcus lactis
Lactococcus lactis
Streptococcus species
0
1
2
bit
s
5‘
1A 2T 3A 4A 5A 6A 7A 8T 9T 10T 11T 12C 13T 14G 15GA 16AC 17G 18A 19T 20T 21 22T 23G 24T 25A 26A 27A 28G 3‘
0
1
2
bits
5‘
1A 2T 3A 4A 5A 6A 7A 8A 9TA 10AG 11T 12T 13A 14A 15GT 16T 17C 18T 19G 20AC 21CT 22A 23T 24A 25GA 26CA 27A 28TA 29TA 30TA 31T 32C 33T 34T 35A 36T 3‘
5‘
1A 2T 3A 4G 5T 6C 7A 8A 9A 10C 11A 12T 13T 14A 15T 16C 17A 18C 19A 20G 21T 22G 23A 24T 25A 26A 27A 28G 29A 30A 31G 32A 33T 34G 35T 36A 37T 3‘
Streptococcus thermophilus
5‘
1A 2T 3A 4A 5A 6T 7A 8A 9T 10A 11G 12C 13T 14A 15T 16C 17A 18C 19T 20T 21G 22A 23T 24A 25A 26A 27G 28A 29A 30T 31T 32G 33A 34T 35A 36T 3 ‘
Streptococcus agalactiae
5‘
1A 2T 3A 4A 5A 6A 7A 8A 9A 10A 11G 12C 13T 14A 15T 16G 17A 18T 19A 20G 21C 22C 23A 24T 25A 26G 27C 28T 29T 30T 31T 32T 33T 34A 35T 36A 37T 3‘
Streptococcus gordonii 
Figure 4.4. Identiﬁcation of putative 
CmbR binding sites in the upstream 
region of cysK and paralogous/
orthologous genes involved in sulphur 
amino acids metabolism in Lactococcus 
and Streptococcus. A partial bootstrapped 
(n=1000) neighbour-joining tree of the 
CysK family is shown together with the 
corresponding gene context. Putative 
binding sites were identiﬁed in the 
conserved upstream regions of each sub-
cluster and are indicated in grey.
To resolve the discrepancies resulting from the previous analyses, we re-analyzed the reported 
CmbR-binding sites in L. lactis and Streptococcus species. We identiﬁed consensus binding sequences 
in the upstream region of the CmbR-regulated cysK gene and its paralogs/orthologs from lactococcal 
and streptococcal genomes (Figure 4.4).  Since three sub-clusters of cysK can be distinguished by 
phylogeny and gene context, a putative CmbR-binding site was identiﬁed for each sub-cluster (Figure 
4.4). In case of the cysM1 cluster, CmbR-binding sites from other streptococci such as S. agalactiae 
and S. gordonii were also identiﬁed. As Figure 4.4 clearly shows, all the putative CmbR-binding 
sites in both Lactococcus and Streptococcus can be summarized by a motif of dyad symmetry ATA-
N9-TAT, with a preference for a long stretch of adenines following the starting “ATA” (Figure 4.4). 
This putative CmbR binding motif has the general LysR family signature and, as importantly, all the 
previous experimental work on CmbR binding ﬁts well into this assignment (Table 4.1). 
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In the phylogenetic tree, the CmbR subfamily is most closely related to the MetR/MtaR 
subfamily (Figure 4.2). Therefore, one might expect that their binding sites resemble each other. 
Although both putative binding motifs have the LysR family signature, the conserved ATA followed 
by adenines that constitutes the ﬁrst part of the inverted repeat binding site for CmbR (Figure 4.4) 
is remarkably different from the highly conserved ATAGTT in the ﬁrst part of the inverted repeat 
binding site for MetR/MtaR (Figure 4.3). 
On basis of this consensus CmbR-binding site, we have identiﬁed additional putative CmbR-
binding sites in the region upstream of cgs, metA, and cysD from Lactococcus strains, and cysD from 
Streptococcus thermophilus strains (Figure 4.1). However, CmbR binding sites were not detected 
in Lactobacillus genomes, which agrees completely with the absence of a CmbR ortholog in their 
genomes (Figure 4.2). 
Novel cis-regulatory motifs upstream of cbs and thrB genes
The comparative analysis of the upstream regions also revealed several new putative binding 
sites, previously not reported (see Figure 4.1 and supplemental Table S2). For example, the cbs-
cblB/cglB operon in various lactobacilli strains such as L. salivarius, L. plantarum, L. bulgaricus, 
L. acidophilus, as well as O. oeni, Leuconostoc and S. thermophilus strains are preceded by clear 
conserved binding sites. The cbs gene encoding cystathionine beta-synthase gene (CBS) from LAB 
has a relatively conserved gene context. Gene cbs together with cblB/cglB, and sometimes also with 
cysE are located in the same operon in L. acidophilus, L. bulgaricus, L. plantarum, Oenococcus oeni, 
Leuconostoc mesenteroides and S. thermophilus.  The upstream regions of the operon from these 
organisms were used for motif analysis (Figure 4.5A). A novel putative regulatory binding site was 
identiﬁed, which contains a clear palindrome AAAGGGCGCGAA-N(11-18)-TTCGCGCCtTTT.
In the multiple sequence alignment of the upstream regions of thrB encoding homoserine 
kinase (HSK) from L. acidophilus and L. gasseri, another new conserved motif was observed 
(Figure 4.5B). The putative motif consists of inverted repeats separated by 15 bp (ATTGTAAC-
N15-GTTACAAT). Interestingly, each part of the inverted repeat complements itself (e.g. in the ﬁrst 
part, ATTG is followed immediately by its complement sequence TAAC). Remarkably, the 15-bp 
spacer causes a separation of 21-22 bp between the centre of the ﬁrst element and the centre of the 
second element. This means a separation of exactly two full helical turns as illustrated in Figure 4.5B, 
implying that a possible dimer structure of the regulator could bind to the DNA sequences in the same 
direction.
Conclusions
We have performed a genome-wide in silico analysis on the transcription regulation mechanisms 
which control cysteine and methionine metabolism. We found clear diversity in the transcriptional 
regulation of the genes that encode the enzymes involved in methionine/cysteine metabolism in 
different LAB species. The associated regulators include known regulatory proteins such as CmbR 
and MetR/MtaR, as well as unknown regulators, but also RNA riboswitches. A complete overview 
of the ﬁndings is given in Figure 4.1. Three model LAB strains, i.e. L. plantarum, L. lactis and S. 
thermophilus are shown as examples. In L. plantarum, the biosynthesis of methionine, as well as its 
precursors i.e. homocysteine and cystathionine are mainly regulated by post-transcription initiation 
by T-box riboswitches, whereas the synthesis of cysteine from homocysteine and degradation of both 
cysteine and methionine are regulated by as yet unknown transcription factors (Figure 4.1). In L. lactis, 
most of the genes encoding enzymes in these pathways are regulated by CmbR and some unknown 
regulators, except for MetE, the enzyme catalyzing the last step of the methionine biosynthesis route, 
which is regulated by the transcriptional regulator MetR/MtaR. The Met/Cys metabolic pathway in 
S. thermophilus is regulated by MetR/MtaR and CmbR, as well as by some unknown transcription 
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factors. In lactococci and streptococci, the production of ﬂavour compounds, e.g. H
2
S, methanethiol, 
DMS, DMDS, DMTS, catalyzed by cystathionine beta/gamma lyase (CBL/CGL) or cysteine synthase 
(CysK), are mainly regulated by CmbR (Figure 4.1). 
The speciﬁc binding motifs of CmbR and MetR/MtaR in lactococci and streptococci were 
redeﬁned with respect to previous literature. Both motifs follow the characteristic LysR family 
signature (ATA-N9-TAT) and agree well with experimental observations (Table 4.1). 
This insight into the regulatory mechanisms of sulphur-containing amino acids could contribute 
to the construction of a dynamic bacterial metabolic network, and ultimately lead to development 
of new strategies for controlling the sulphuric ﬂavour formation in various LAB-fermented food 
products, for example by modulating the expression of the relevant regulators. 
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Figure 4.5. (A) A novel binding 
motif identiﬁed upstream of the cbs-
cblB/cglB-(cysE) operon in LAB. 
Gene context of the operon in various 
LAB is shown. The cluster cbs-
cblB/cglB-cysE of S. thermophilus 
is probably horizontally transferred 
from L. bulgaricus [36].The inverted 
repeat structure within the identiﬁed 
motif is indicated by arrows.  (B) 
A novel binding motif identiﬁed 
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Supplemental Files
Supplemental Table S1. T-box regulated genes that are involved in cysteine and methionine metabolism in 
LAB.
Supplemental Table S2. Diversity of transcriptional regulatory mechanisms of the genes encoding enzymes 
involved in cysteine and methionine metabolism in LAB. The table includes the identiﬁed binding motifs for 
both known and unknown transcription factors, as well as for T-box riboswitches.
Supplemental File 3. Multiple sequence alignment of Met T-box sequences from LAB and other Firmicutes. 
The speciﬁer codons are highlighted, indicating that those T-boxes are methionine-speciﬁc. 
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Abstract
The incompleteness of genome-scale metabolic models is a major bottleneck for systems biology 
calculations. High-throughput technologies, e.g. metabolomics, can identify and quantify huge 
numbers of metabolites. Many of those metabolites, such as ﬂavor compounds, are considered as non-
essential, and their synthesis pathways are relatively less studied and only partially known.  In this 
study, we describe a novel approach, named Reverse Pathway Engineering (RPE)1, which combines 
chemoinformatics and bioinformatics analyses, to predict the missing links between target compounds 
and their possible metabolic precursors by providing plausible chemical or enzymatic reactions. 
We demonstrate the usability of the approach by exploring ﬂavor-forming pathways in lactic acid 
bacteria. As validation of the approach, known metabolic routes leading to the formation of ﬂavor 
compounds from leucine were successfully proposed. Unknown ﬂavor-forming reactions, i.e. the 
conversion of α-hydroxy-isocaproate to 3-methylbutanoic acid and the synthesis of dimethyl sulﬁde, 
as well as the corresponding enzymes were identiﬁed. The new insights into the ﬂavor-formation 
mechanisms in LAB will have signiﬁcant impact on improving the control of aroma formation in 
fermented food products. Since the input reaction databases and compounds are highly ﬂexible, the 
RPE approach can be easily extended to a broader spectrum of applications, ranging from health or 
disease biomarker discovery to synthetic biology. 
Introduction
Chemical systems biology, a new interdisciplinary ﬁeld between chemical biology and systems 
biology, is currently drawing more and more attention (1). One direction that has emerged is the 
development of novel strategies in which chemoinformatic and bioinformatic tools are integrated to 
interpret large high-throughput datasets.  
A classical systems biology approach for analyzing cellular processes of microorganisms starts 
with the reconstruction of biochemical networks based on annotated genomes(2,3). However, those 
genome-scale metabolic models contain numerous gaps, only a small portion of which can be ﬁlled 
by computational methods or manual curation on the basis of known genetic/biochemical data(4). 
High-throughput analytical technologies for metabolomics, such as mass spectrometry (MS) and 
nuclear magnetic resonance spectroscopy (NMR), provide large data sets of chemical compounds 
from various biological systems(5). Many of these compounds, particularly the products that are non-
essential in metabolism (e.g. ﬂavor compounds), cannot be mapped in the metabolic models due to the 
lack of biochemical and/or genetic information. In many cases, these secondary metabolites or their 
derivatives can be of great economical value and/or possess potential health beneﬁts(6). Therefore, 
insight into their precursors and synthetic pathways could have a great impact on the control of their 
production.
Flavor components in various fermented foods can be produced by lactic acid bacteria (LAB), 
which are present in starter or adjunct cultures. Several reviews have summarized the ﬂavor-forming 
pathways of LAB, especially the pathways from amino acids (7-10). However, the ﬂavor-forming 
network is presumed to be more complex, and previous studies have only revealed small parts of 
this network. The known ﬂavor-forming pathways still do not meet the requirements to establish 
a comprehensive, curated predictive model for ﬂavor formation. It happens quite often that the 
measured aroma compounds, for instance by gas chromatography-mass spectrometry (GC-MS), 
cannot be mapped to any known ﬂavor-forming pathway. One of the reasons for this is that chemical 
reactions play an important role in ﬂavor formation. Chemical reactions are usually not included in 
the genome-scale metabolic models (2,11). 
In order to solve the above mentioned problems, we developed a novel approach named Reverse 
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Pathway Engineering (RPE), which uses small molecules i.e. measured ﬂavor compounds as the input, 
and suggests the enzymatic or chemical reactions connecting them to known metabolic precursors, 
thereby predicting the production routes that synthesize the target compounds. 
In this paper, we present a use case of the RPE approach for predicting ﬂavor-forming reactions/ 
pathways, including those from leucine and methionine catabolism. Since the branched-chain amino 
acid degradation pathways, in particular the leucine degradation pathway, are relatively well studied 
(12-15), some routes from this pathway were used for validating the method. Novel reactions or 
alternative routes are proposed, such as the conversion of α-hydroxy-isocaproate to 3-methylbutanoic 
acid and the chemical reaction to form 2-methylpropanal from α-ketoisocaproate. In addition, an 
enzymatic reaction to synthesize dimethyl sulﬁde from methanethiol in the methionine degradation 
pathway is proposed. Using bioinformatics analyses, plausible enzymes encoded in the genomes of 
LAB have been identiﬁed for catalyzing the predicted enzymatic reactions. 
Materials and Methods
Flavor compounds 
The ﬂavor compounds used as inputs for the RPE approach were selected based on descriptions 
from literature or from measurements by GC-MS(7-10,16). In this paper, the studied ﬂavor compounds 
include 3-methylbutanol, 3-methylbutanoic acid, 2-methylbutyric acid, 2-methylpropanal, and 
dimethyl sulﬁde. The structures of the target compounds were obtained from the NCBI PubChem 
database (http://pubchem.ncbi.nlm.nih.gov/). 
Reaction database 
The BioPath.Database (17) (Molecular Networks GmbH) is a manually curated biochemical 
reaction database, where the reactions are stoichiometrically balanced, and where the reaction 
centres, as well as the bonds broken and formed during a reaction, have been marked (http://www.
molecular-networks.com/databases/biopath.html). It contains reactions originally derived from the 
Roche Applied Science “Biochemical Pathways” wall chart and from a more extensive monograph 
(18). In particular, for the examples of predicting ﬂavor-forming pathways described in this paper, an 
extended version of BioPath.Database has been utilized, with 438 additional reactions extracted from 
a Lactobacillus plantarum genome-scale metabolic model(19). Moreover, 24 reactions were added 
from the ﬂavor-forming pathways from sulfur-containing amino acids, including both enzymatic and 
chemical reactions(20). After removing the redundancy, the database contains 3,516 reactions in total, 
as the resource of reference reactions.
Retrieval of ﬂavor-forming reactions/pathways 
In order to predict the unknown reactions or pathways leading to ﬂavor formation, a software 
package called THERESA (THE REtroSynthetic Analyser) for designing organic syntheses was used 
(http://www.molecular-networks.com/software/theresa/index.html). THERESA derives a large part 
of its knowledge from a reaction database. The extended BioPath.Database described above was 
utilized as the reaction pool. The combined system is called BioPath.Design because it allows the 
design of biotechnological processes. For each reaction of the BioPath.Database, BioPath.Design 
extracted automatically the reaction centers plus the transformation steps and then used them for 
RPE analyses. After the target structure was submitted, BioPath.Design searched its database of 
biotransformation rules for all reactions that could be applied to the target structure in the reverse 
direction (retrosynthesis). If a substructure match was identiﬁed, BioPath.Design could build a new 
complete synthesis reaction by adding the missing co-product(s), copying the atom-atom mapping 
numbers of the reaction centers to the target compound and generating the structure of the reactants. 
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The predicted reactions were ranked based on the presence of reactants and predicted reactions in the 
database, as well as the simplicity of structures. The predicted reactions were manually inspected and 
a candidate reaction was selected based on the information of the corresponding reference reactions 
found in the database or on prior knowledge. When one of the plausible synthesis reactions was 
selected, the reactant could be used as the input compound to search for its precursor. This process 
was repeated iteratively until a known metabolic precursor was found and a complete synthetic route 
was retrieved.  A detailed description of THERESA, with examples of RPE predictions, can be found 
in the Supplemental Methods.
Identiﬁcation of putative enzymes catalyzing the plausible reactions in LAB by 
comparative genomics   
After a plausible reaction was proposed by BioPath.Design, a list of candidate enzymes which 
might catalyze the reaction was prepared on the basis of the reference reaction in the BioPath.
Database or by inferring from the transformation rule of the predicted reaction(21). Detailed enzyme 
information, including literature references and sequence information when available, was obtained 
from the BRENDA database (22) by searching with the EC number or the enzyme name.
We used our previously described comparative genomics approach to identify putative 
enzymes for reactions (20). In brief, sequences of the target enzymes, which have been characterized 
experimentally, are obtained from the UniProt/Swiss-Prot database (http://www.uniprot.org/).  The 
genomes of the sequenced LAB and other microorganisms used in this study were obtained from the 
non-redundant genome databases, the NCBI microbial genome database (http://www.ncbi.nlm.nih.
gov/genomes/lproks.cgi) and/or the ERGO database(23). The retrieved protein sequence was used as 
a seed to perform a BLAST search against the microbial genomes to obtain their homologs. Multiple 
sequence alignments (MSAs) were created by MUSCLE (24), based on the homologous sequences 
of the target enzymes, as well as the sequences of the experimentally characterized enzymes from 
literature. Bootstrapped neighbor-joining  phylogenetic trees were constructed within ClustalW(25) 
based on the MSAs and visualized by LOFT(26). Orthologs of the putative enzymes in LAB genomes 
were identiﬁed by phylogenetic analysis. The resulting enzymatic information was integrated into 
the retrosynthesized reactions and pathways for further analyses or applications. The outcome of a 
comparative genomics analysis was also used as an indication for verifying the predicted reaction. 
For example, if no ortholog is found in the target organism which had shown to possess certain 
enzyme activities, the selected reaction is less likely to be correct. 
Results 
Reverse pathway engineering approach
To close the gaps between the target chemical compounds and their metabolic precursors, we 
developed a novel approach named Reverse Pathway Engineering. The pipeline of the RPE approach, 
combining the scientiﬁc disciplines chemo- and bioinformatics, is shown in Figure 5.1.
The chemoinformatics analyses are carried out by a software system named BioPath.Design, 
which comprises a reaction database and a retrosynthesis tool called THERESA. Since the unrevealed 
reactions in metabolic pathways are usually not deposited in any biochemical or chemical database, a 
search will not retrieve the desired reaction. However, known enzymatic and chemical reactions can 
be used for generating a pool of transformation rules. BioPath.Design suggests synthesis reactions, 
including novel ones, by using the biotransformation rules based on those stored in a manually curated 
reaction database. Moreover, the reaction database of BioPath.Design can be adjusted according to 
speciﬁc tasks, in our case an extended biochemical reaction database named BioPath.Database (upper 
panel in Figure 5.1). 
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The second step of the RPE approach is to apply bioinformatics analyses to identify the putative 
enzymes that can catalyze the suggested retrosynthesis reactions (lower panel in Figure 5.1). A list 
of candidate enzymes is proposed, based on either the reference reactions in BioPath.Database or by 
inferring them from the biotransformation rule of the predicted reaction. Since incorrect annotation 
of genes encoding enzymes in metabolic pathways is one of the causes of gaps in the reconstructed 
networks, a comparative genomics analysis is carried out to improve the annotations. Homologs 
in speciﬁc organisms are obtained from genome sequence databases by using the experimentally 
characterized protein sequences as the seed, after which orthologous genes are identiﬁed by 
phylogenetic analysis. The results of the bioinformatics analyses are used as an indication to verify 
the suggested reactions and, later, to be integrated into the retrosynthesis routes.
To exemplify the application of the RPE approach, synthesis routes of ﬂavor compounds in 
LAB were explored. 
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Figure 5.2. Leucine catabolism network in lactic acid bacteria, including inter-conversion pathways between leucine degradation 
and valine catabolism (framed by blue box), and between leucine degradation and isoleucine catabolism (framed by green 
box). (A colour version can be found in Appendix) Three branches of the further degradation of α-keto isocaporate (KICA) are: 
i) conversion to the corresponding aldehyde, alcohol or carboxylic acid via α-keto acid decarboxylation, depicted in black, or ii) via 
oxidative decarboxylation, depicted in blue, or iii) alternatively resulting in α-hydroxy-isocaproate (HICA), depicted in gold. The 
names of the ﬂavor compounds used as input for RPE approach are shown in italics. The novel predicted reactions are indicated by red 
dashed arrows. Enzymes names are: BcAT, branched-chain aminotransferase; GDH, glutamate dehydrogenase; HycDH, hydroxyacid 
dehydrogenase; KdcA, α-ketoacid decarboxylase; AlcDH, alcohol dehydrogenase; AldDH, aldehyde dehydrogenase; EstA, esterase A; 
KaDH, α-ketoacid dehydrogenase complex; PTA, phosphotransacylase; ACK, acyl kinase. 
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Validating the RPE approach: mapping ﬂavor molecules to the leucine degradation 
pathway 
Leucine catabolism. A leucine catabolism network was reconstructed on the basis of several reported 
studies (9,13)(Figure 5.2). Some routes in this network were then used to validate the RPE prediction 
method, using selected ﬂavor compounds from this network. 
Leucine catabolism can be divided into three major parts, as shown in Figure 5.2. The ﬁrst 
part is the main degradation pathway of leucine, initiated by an aminotransferase reaction converting 
leucine to α-keto-isocaproate (KICA).  The second major part is the degradation of leucine to 2-
methylbutanoic acid, as described previously by Ganesan et al. (13). This pathway inter-connects the 
degradation of leucine and isoleucine since 2-methylbutyric acid is the corresponding carboxylic acid 
derived from isoleucine. The last major part of leucine catabolism represents the inter-conversion 
pathway between leucine and valine. The main branches of leucine degradation pathway and the 
leucine and isoleucine inter-conversion route were used as positive controls for the validation of the 
RPE approach. The reactions highlighted in red are novel reactions predicted by the RPE approach 
and will be described in detail in the following sections (Figure 5.2).
Main branches of the ﬂavor-formation pathway from leucine. The main ﬂavor products of leucine 
degradation are 3-methylbutanal, 3-methylbutanol, and 3-methylbutanoic acid, which provide cheesy, 
malty and sweaty odors, respectively (10). Since 3-methylbutanal is one of the intermediates in the 
synthetic routes of the other two compounds, only 3-methylbutanol and 3-methylbutanoic acid were 
utilized as the input for the retrosynthesis analysis.  
One of the retrieved synthetic routes of 3-methylbutanol is shown in Figure 5.3.  First, leucine 
is converted to KICA by a transamination reaction, then further converted to 3-methylbutanal 
by a decarboxylation reaction. An alcohol dehydrogenase ﬁnally catalyzes the conversion of 3-
methylbutanal to 3-methylbutanol with NADH as the cofactor. This 3-methylbutanol biosynthetic 
route predicted by RPE is the same as the one described in literature (Figure 5.2). It should however 
be noted, that although at the transamination step (step1 in Figure 5.3) pyruvate was predicted to be 
the acceptor of the amino group based on its simpler structure, oxoglutarate was more often listed 
as the cofactor in the reference reactions. Thus, according to the frequency of the occurrences of the 
co-products in the reference reactions, oxoglutarate should be the cofactor for the predicted reaction, 
which is in line with experimental observation (28). 
3-methylbutanol
3-methylbutanal
alpha-keto isocaproate
Leucine
Pyruvate
NADH   H+
   H2O
O H
Step 3
Step 2
Step 1
O
H
O OH
O
O OH
O
H
O
OH
NH
H
H
O
H
Figure 5.3. Proposed leucine to 3-methylbutanol route 
by the RPE approach. The retrosynthesis tree was 
obtained from BioPath.Design when 3-methylbutanol was 
used as input. 
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When 3-methylbutanoic acid was used as input, three routes were predicted by the RPE 
approach (Figure 5.4). The ﬁrst route is via oxidation of 3-methylbutanal (Figure 5.4a), similar to the 
3-methylbutanol biosynthesis described above. In the second route, 3-methylbutanoic acid is formed 
from KICA via isovaleryl-CoA and isovaleryl-phosphate catalyzed by a keto-acid dehydrogenase 
complex (Figure 5.4b). These proposed routes by RPE are the same as the ones described in literature 
(29,30) (Figure 5.2). The third one is a novel route (Figure 5.4c), which will be described in detail 
below (section “suggested novel reactions I: α-hydroxy-isocaproate to 3-methylbutanoic acid”).
Leucine-isoleucine inter-conversion pathway. The inter-conversion route between leucine and 
isoleucine degradation was also successfully predicted by the RPE approach. This inter-conversion 
route, in which isovaleryl-CoA is converted to 2-methylbutyric acid, has been proposed in Lactococcus 
lactis during starvation and was based on gene expression proﬁling, NMR, and Pathcomp analysis in 
KEGG  (13)(Figure 5.2). By using 2-methylbutanoic acid as input and the intermediate compounds 
measured by NMR as selecting criteria, we could predict the synthetic route of hydroxymethylglutaryl-
CoA from isovaleryl-CoA exactly the same as suggested by Ganesan et al. (13), as well as the route 
of HMG-CoA to 2-methylbutanoic acid which is very similar as in the study of Ganesan et al. (13) 
(supplemental material Figure S1).
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Figure 5.4. Proposed 3-methylbutanoic acid synthesis routes from α-ketoisocaproate by the RPE approach. The retrosynthesis 
trees correspond to the pathways shown in Figure 5.2. (a) Proposed route for 3-methylbutanal to 3-methylbutanoic acid. (b) Proposed 
oxidative decarboxylation route converting α-keto isocaproate (KICA) into 3-methylbutanoic acid. (c) Proposed route converting 
KICA into 3-methylbutanoic acid via α-hydroxy-isocaproate (HICA). A novel reaction converting HICA into 3-methylbutanoic acid by 
lactate 2-monooxygenase was proposed (step 2).
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Predicted novel reactions
Suggested novel reactions I: α-hydroxy-isocaproate to 3-methylbutanoic acid in leucine 
degradation.    Besides the two main biosynthesis routes of 3-methylbutanoic acid (i.e. via α-keto 
acid decarboxylation and oxidative decarboxylation) described above, a third route of forming 3-
methylbutanoic acid from KICA via α-hydroxy-isocaproate (HICA) was also proposed by RPE (Figure 
5.2 and Figure 5.4c). Step 1 of this route was predicted as a reduction reaction of KICA to HICA by 
hydroxy-acid dehydrogenase. This reaction has been described previously and a gene encoding the 
enzyme responsible for this conversion in L. lactis has been characterized recently (31). 
The second step of the predicted route suggested that 3-methylbutanoic acid can be formed 
from HICA (Figure 5.4c and Figure 5.5). The lactate oxidation reaction catalyzed by lactate 2-
monooxygenase is one of the reference reactions (Figure 5.5). Since some enzymes have broader 
substrate speciﬁcities, they may catalyze analogous reactions. Therefore, we hypothesize that lactate 
2-monooxygenase could also catalyze the oxidation reaction of HICA. 
In order to further explore this hypothesis we performed bioinformatics studies. Lactate 2-
monooxygenase activity was identiﬁed in Aerococcus viridans, Mycobacterium smegmatis and 
Geotrichun candidum by previous studies (32-35). It was found that this enzyme can utilize branched 
longer chain hydroxy acids as the substrate in Mycobacterium smegmatis (36,37). Using the protein 
sequence of the lactate 2-monooxygenase from Mycobacterium smegmatis, we identiﬁed its homologs 
in lactic acid bacteria by BLASTP. By performing comparative genomics analyses, we identiﬁed the 
orthologs in LAB which are currently annotated as L-lactate oxidase (LOX)(Figure 5.6). Interestingly, 
Yorita et al. (37) found a mutant form of LOX from Aerococcus viridians, in which alanine 95 was 
replaced by glycine, yielding an enzyme isoform that has the same oxidase activity on L-lactate as 
the wild-type LOX, but with an additional enhanced oxidase activity towards longer-chain hydroxy 
acids. A multiple sequence alignment of LOXs shows that LOX of LAB also has an alanine conserved 
at the same position as Ala95 in LOX from A. viridans (supplemental material Figure S2). This 
suggests that LOXs from LAB may only utilize lactate as a substrate, similar to the wild-type LOX 
from A. viridans. However, broader substrate speciﬁcity towards long-chain hydroxy acids may be 
obtained if the conserved alanine residue in LOX from LAB is mutated to glycine. 
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Biopath reaction ID  RXN00173  
Enzyme name  lactate 2-monooxygenase  
EC number  1.13.12.4 , Search BioPath.Explore   
Number of reactions catalysed by this enzyme  4  
Reactant name(s)  L-Lactate Oxygen  
Product name(s)  Acetate Carbon_dioxide Water  
Pathway  {Alcoholic fermentation of pyruvate} {Reactions of Pyruvate and Phosphoenolpyruvate}  
Reversible?  irreversible  
Direction  catabolic  
Occurrence  {in prokarya}  
Predicted Reaction:
Related Reaction Found in the Database (Reference Reactions):
Search BioPath.Explore
3-Methylbutanoic acid Carbon dioxide               Wateralpha-Hydroxyisocaproate                                          Oxygen
Figure 5.5. The suggested reaction converting 
α-hydroxy-isocaproate (HICA) to 3-
methylbutanoic acid (adapted from BioPath.
Design). The suggested reaction is shown in 
the upper part. One of the reference reactions is 
shown with the information of the enzyme which 
catalyzes it.
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Suggested novel reactions II: chemical reaction converting α-ketoisocaproate to 2-methylpropanal 
in leucine degradation.     In addition to enzymatic reactions, chemical reactions also play an important 
role in the process of ﬂavor formation.  For example, Bonnarme et al. (38) discovered that α-keto-γ-
methylthiobutyrate (KMBA) can be chemically converted to methylsulfanyl-acetaldehyde (MTAC) 
and oxalic acid in the presence of Mn(II), alkaline pH and oxygen. MTAC is the precursor of various 
volatile sulfur compounds, such as methanethiol. This chemical reaction belongs to the reconstructed 
ﬂavor-forming pathway from methionine that was included in the extended BioPath.Database in this 
study.  
When 2-methylpropanal was used as the target compound for RPE, one of the reactions predicted 
by BioPath.Design is the decarboxylation of α-ketoisovaleric acid derived from valine, analogous to 
the decarboxylation reaction converting KICA to 3-methylbutanal described above.  An exact match 
of this reaction was found by scanning the BioPath.Database, suggesting it has been stored in the 
database (see Fig. M2, the example from Supplementary Methods). 
A novel chemical reaction converting KICA to 2-methylpropanal was also predicted, which 
inter-connects leucine and valine catabolism (Figure 5.2). The chemical conversion of KMBA to 
MTAC from methionine catabolism was proposed as the reference reaction (Figure 5.7).  In the 
predicted reaction, KICA reacts with oxygen, resulting in 2-methylpropanal and oxalate. A literature 
survey conﬁrmed that this plausible chemical reaction has been experimentally characterized by Smit 
et al. (39). Interestingly, their study described that the chemical reaction can be modulated by Mn (II) 
concentration and oxygen as well as pH, a similar condition as for the reference reaction. 
Suggested novel reactions III: enzymatic reaction converting methanethiol to DMS in the methionine 
degradation pathway.   Methionine catabolism is known as one of the main ﬂavor-forming pathways, 
resulting in various volatile sulfur compounds such as H
2
S, methanethiol, dimethyl sulﬁde (DMS), 
dimethyl disulﬁde (DMDS), and dimethyl trisulﬁde (DMTS) (20,40). 
[1000]
[861]
[759]
[858]
[1000]
[441]
[1000] Lactobacillus casei ATCC334  (LSE116495791)
Lactobacillus casei BL23 (LSD191639282)
Lactobacillus plantarum WCFS1 (LPL28379893)
Pediococcus pentosaceus ATCC25745 (PEP116492687)
[1000] Lactococcus lactis  lactis IL 1403 (LLX15673234)
[1000] Lactobacillus gasseri ATCC33323 (LGA116630404)
Lactobacillus johnsonii NCC533 (LJO42519875)
[879] Lactobacillus sakei 23K (LSK81429009) 
Aerococcus viridans (AVI_lox, 849022)
Lactobacillus casei BL23 (LSD191637600)
Lactobacillus acidophilus NCFM (LAC58337859)
[818]
[1000]
[527]
[913] Lactobacillus sakei 23K (LSK81428516)
Lactobacillus plantarum WCFS1 (LPL28378413)
Lactobacillus fermentum IFO3956 (LFF184155671)
Lactobacillus salivarius UCC118 (LSL90961659)
[507]
[1000] Lactobacillus helveticus DPC 4571 (LHL161506798)
Lactobacillus acidophilus NCFM (LAC58336540)
[1000] Lactobacillus casei ATCC334  (LSE116495575)
Lactobacillus casei BL23 (LSD191639057)
Figure 5.6. Bootstrapped (n=1000) 
neighbor-joining tree of the LOX homologs 
from LAB. The functional equivalents 
(orthologs) of LOX from Aerococcus viridans 
are highlighted by the frame. Genome 
abbreviations and GI codes of the homologs 
are in parentheses. Diverse annotations have 
been assigned to the protein members in the 
lower groups, such as lactate dehydrogenase, 
isopentenyl pyrophosphate isomerase, and 
inosine-5-monophosphate dehydrogenase. 
Squares indicate duplication events, and 
circles represent speciation events. 
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Commonly, methanethiol, a compound derived from elimination of methionine catalyzed 
by a C-S lyase, is regarded as the precursor of DMS whose odor is described as “boiled cabbage, 
sulfurous” (41). Two different hypotheses on the reaction mechanisms of DMS formation from 
methanethiol have been proposed. The ﬁrst one is the chemical conversion of methanethiol to DMS 
(40), by either a methylation reaction or disproportionation reaction (42). However, this chemical 
reaction requires an extremely high temperature (350°C) and acid-base type catalysts (43), which is 
impossible during fermentation with LAB.  The other hypothesis suggests that an enzymatic reaction 
converts  methanethiol to DMS, utilizing  S-adenosyl-L-methionine (S-AdoMet) as the methyl-group 
donor (44). 
In order to identify plausible synthesis reactions, DMS was used as input for RPE. The 
reaction of methanethiol accepting methyl group from S-AdoMet to form DMS and S-adenosyl-
L-homocysteine (S-AdoHcy) was predicted by BioPath.Design, in line with the second hypothesis 
(supplemental material Figure S3). The predicted reaction was based on a reference reaction which 
converts L-homocysteine into L-methionine using S-AdoMet as methyl-donor. Several enzymes 
were proposed by the bioinformatics analyses as candidates for catalyzing this reaction, including 
homocysteine S-methyltransferase (EC 2.1.1.10), methionine synthase (EC 2.1.1.13) and thiol S-
methyltransferase (TMT, EC 2.1.1.9). The ﬁrst two enzymes are known for catalyzing the ﬁnal step 
of methionine biosynthesis and are distributed widely among LAB(20), but their activity toward 
methanethiol is still unclear. TMT is mainly found in animals and plants, whereas it has never been 
reported in LAB (45). The genetically characterized TMT from Brassica oleracea (cabbage)(46) 
was used as seed to perform the comparative genomics analyses. TMT orthologs were identiﬁed in 
several Streptococcus thermophilus genomes and in the genome of Propionibacterium freudenreichii 
ATCC 6207 (supplemental material Figure S4).  The plausible TMT ortholog is in agreement with the 
observation that DMS is formed by P. freudenreichii in Swiss-type cheese (44,47). 
Discussion
In the last decades, high-throughput analytical techniques, such as metabolomics, have developed 
rapidly (5,16,48). This increased analytical power leads to challenges in data storage, analysis and 
interpretation. One example is ﬂavor formation by LAB. Currently, many of the measured ﬂavor 
compounds cannot be connected to their metabolic precursors.  In this study, we describe a novel 
approach “Reverse Pathway Engineering”, to retrieve the missing links in the incomplete ﬂavor-
+ +
alpha-Keto-gamma-
methiolbutyrate
+
Oxygen Methylsulfanyl-acetaldehyde
+
Oxalate
Biopath reaction ID RXN07012
Number of reactions catalysed by this enzyme 0
Reactant name(s) alpha-Keto-gamma-methiolbutyrate Oxygen
Product name(s) Methylsulfanyl-acetaldehyde Oxalate
Occurrence {in prokarya}
Predicted Reaction:
Related Reaction Found in the Database (Reference Reactions):
(chemical reaction)
alpha-Keto-isocarproate          Oxygen                               2-Methylpropanal               Oxalate
Figure 5.7. The predicted chemical reaction converts 
α-keto-isocaproate (KICA) to 2-methylpropanal, 
connecting the leucine degradation and the 
valine degradation pathways. The reference 
reaction converting α-keto-γ-methylthiobutyrate to 
methylsulfanyl-acetaldehyde was derived from the 
additional part of the BioPath.Database containing 
the reactions of the ﬂavor-forming pathways from 
sulfur-containing amino acid degradation.  
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forming pathways of LAB, by combining chemoinformatics and bioinformatics analyses. To validate 
the RPE approach, the leucine degradation pathway was explored as it is an important and thoroughly 
studied ﬂavor-forming pathway in LAB (9,13), although many of the described reactions from this 
pathway are lacking in biochemical databases. We successfully predicted the main branches of leucine 
degradation pathway and the inter-conversion route between leucine and isoleucine as described in 
literature. Some novel enzymatic reactions were identiﬁed, such as the conversion of α-hydroxy-
isocaproate to 3-methylbutanoic acid in the leucine degradation pathway and the formation of DMS 
from methanethiol in the methionine degradation pathway.  
Since there are no golden standards in the ﬁeld of pathway prediction at this moment. we 
compared our approach to one of the previously published tools, Pathcomp (49), which has been 
used for the prediction of the inter-conversion pathway between leucine and isoleucine (13). Using 
the same dataset, BioPath.Design provided a broader spectrum of predicted reactions. For instance, 
RPE predicted that 2-methylacetoacetyl-CoA could be synthesized from either acetoacetyl-CoA 
or acetyl-CoA, rather than only from acetyl-CoA as reported by Ganesan et al. (13) (supplemental 
material Figure S1). This is probably due to the fact that different reaction databases were used for the 
pathway predictions in the two studies. Pathcomp utilizes the KEGG database for predictions while 
in our study the BioPath.Database was used.  As Pathcomp is only able to retrieve known reactions 
stored in KEGG (49), unknown reactions cannot be predicted. In contrast, BioPath.Design is based 
on transformation rules, and can propose both known reactions and unknown ones that were not 
originally stored in the database.
For the novel predicted enzymatic reactions described in this study, the putative enzymes, as 
well as the candidate genes in LAB were identiﬁed by bioinformatics analyses.  The conﬂicting 
hypotheses on the synthesis of DMS from previous studies were elucidated in this study. In support of 
the hypothesis that DMS is formed enzymatically, our analyses suggested both a plausible enzymatic 
reaction and possible enzymes to catalyze such a reaction. Those candidate reactions and enzymes 
can be used for directing future experiments to validate the hypothesis.
The predicted novel reactions not only ﬁll in the gaps in the cellular models, but also provide 
leads for metabolic engineering. We discovered an enzymatic reaction which converts a non-ﬂavor 
compound HICA to the ﬂavor compound 3-methylbutanoic acid.  The homologs of the enzyme 
catalyzing this reaction were found in LAB genomes. One previous study suggested that the 
homologous enzymes could gain the activity toward HICA by a site-directed mutation. It is well 
accepted that the synthesis of hydroxy acids such as HICA may have a negative effect on the ﬂavor 
formation since it shares the same precursors as the other ﬂavor compounds  such as 3-methylbutanol 
and 3-methylbutanoic acid (9,20). The results of the RPE approach provide novel means for increasing 
the production of the ﬂavor compound 3-methylbutanoic acid by utilizing HICA as a precursor. The 
novel enzymatic activities of LOX in LAB towards long-chain hydroxy acids can be introduced via 
protein engineering, similar to what has been described for the biosynthesis of shikimate pathway 
products by directed evolution of 2-keto-3-deoxy-6-phosphogalactonate aldolase in E. coli (50), or by 
adaptive evolution e.g. by stressing the bacterial cells with excess amounts of hydroxy acids. 
The predicted chemical reaction for forming 2-methylpropanal from KICA takes place under the 
same environmental conditions as the reference reaction which chemically converts KMBA to MTAC 
(38,39).  This suggests that the experimental conditions of the corresponding reference reaction can 
be applied to the novel predicted chemical reaction. The RPE approach is not limited to predicting 
enzymatic reactions, as chemical reactions can be predicted as well, suggesting a powerful role when 
this approach is applied to complex biological systems which contain both enzymatic and chemical 
conversions. 
Furthermore, the reference reaction of the predicted chemical reaction originally belongs to 
the reconstructed ﬂavor-forming pathways in the extended BioPath.Database. This indicates the 
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importance of choosing a comprehensive and suitable reaction database for the RPE approach. For this 
reason, here an extended BioPath.Database was constructed with extra reactions from the genome-
scale metabolic model of L. plantarum and from the reconstructed sulfur ﬂavor-forming pathways. 
However, this reaction database is still limited and not yet optimized. More enzymatic reactions 
from LAB metabolism and chemical reactions occurring during milk fermentation, which have been 
described in literature, can be added for database improvement. It should be noted, however, that 
including a large number of reactions in the reaction database may introduce more false positives 
during analyses. Moreover, the most time- and labour-consuming step of this approach is to manually 
select the most likely reactions from a list of proposed reactions, especially when the list is long. Good 
selection and ranking criteria are helpful for reducing the manual work. At this moment, our ranking 
criteria are based on combining the presence of reactants and predicted reactions in the database, 
as well as the simplicity of structures of the reactants. However, these criteria do not ﬁt all needs, 
and sometimes can cause errors, e.g. the prediction of a wrong cofactor as described in the previous 
section.  New criteria are being explored, also for different application cases, such as the degree of 
structural similarity between the compounds in the predicted reactions and the reference reactions, or 
the reaction conditions used for predicting chemical reactions. 
The RPE approach uniquely connects chemical data all the way back to genomic data. This 
distinguishes it from other retrobiosynthesis methods such as ReBiT (Retro-Biosynthesis Tool)(51), 
which only covers part of the whole process, i.e. identifying enzymes in designed pathways. Another 
retrosynthesis tool, Route Designer, uses a set of retrosynthesis rules speciﬁc to organic chemistry(27), 
making it less suitable for biochemical questions. Our approach brings together chemistry and 
biology, thereby elucidating molecular mechanisms of biochemical systems. This approach can be 
easily extended to other ﬁelds, thanks to the ﬂexibility of using various reaction databases and target 
compounds. A possible future application could be in the ﬁeld of biomarker discovery. Recently, a 
metabolomics study described the correlation between human metabolic phenotypes and speciﬁc 
dietary preferences concerning chocolate consumption(52). In the study, it was demonstrated that 
several metabolic biomarkers could be connected to human host and gut microbial co-metabolism. 
Other studies have also identiﬁed such metabolites as biomarkers for evaluation of disease risks 
(53,54). Our approach will be particularly helpful in tackling questions regarding the interplay of 
host-microbial co-metabolism by predicting the synthesis routes of measured metabolites, proposing 
plausible enzymes and assigning enzymatic reactions to mammalian cells or gut microbes.  Leads for 
other application areas can also be provided, for instance synthetic biology, helping in silico design 
of biosynthesis pathways to construct microbial chemical factories(55).
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吾生也有涯，而知也无涯。以有涯随无涯，殆已；已而为知者，殆而已矣。
           - 庄子·养生主
There is a limit to our life, but to knowledge there is no limit. With what is limited to pursue after what is 
unlimited is a perilous thing; and when, knowing this, we still seek the increase of our knowledge, the peril 
cannot be averted. 
        - Zhuangzi, Nourishing the Lord of Life
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Chapter 6
IN SILICO PREDICTION OF HORIZONTAL GENE TRANSFER 
EVENTS IN LACTOBACILLUS DELBRUECKII SSP. BULGARICUS 
AND STREPTOCOCCUS THERMOPHILUS REVEALS PROTO-
COOPERATION IN YOGHURT MANUFACTURING
Mengjin Liu, Roland J. Siezen, Arjen Nauta
Appl Environ Microbiol. 2009; 75(12):4120-9.
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Abstract
Lactobacillus delbrueckii ssp. bulgaricus (L. bulgaricus) and Streptococcus thermophilus, used as 
yoghurt starter cultures, are well-known for their stable co-existence and proto-cooperation during 
their co-existence in milk. In this study, we show that a close interaction between both species also 
takes place at the genetic level. We performed an in silico analysis, combining gene composition and 
gene transfer mechanism associated features, and predicted horizontally transferred genes in both 
L. bulgaricus and S. thermophilus. Putative horizontal gene transfer (HGT) events between the two 
bacterial species include EPS biosynthesis genes, transferred from S. thermophilus to L. bulgaricus, 
and the gene cluster cbs-cblB/cglB-cysE for metabolism of sulfur-containing amino acids which was 
transferred from L. bulgaricus or L. helveticus  to S. thermophilus. The HGT event of the cbs-cblB/
cglB-cysE gene cluster was analyzed in detail with respect to both evolutionary and functional aspects. 
It can be concluded that during co-existence of both yoghurt starter species in a milk environment, 
agonistic co-evolution at the genetic level has probably been involved in the optimization of their 
combined growth and interactions. 
Introduction 
Lactobacillus delbrueckii ssp. bulgaricus (L. bulgaricus) and Streptococcus thermophilus 
have been used as the starter culture for yoghurt manufacture for thousands of years. Both species 
are known to stably co-exist in a milk environment and interact beneﬁcially. This so called proto-
cooperation, previously deﬁned as biochemical mutualism, involves the exchange of metabolites and/
or stimulatory factors (38). Examples of biochemical proto-cooperation between L. bulgaricus and 
S. thermophilus include the action of cell-wall bound proteases, as produced by L. bulgaricus strains, 
and formate, required for growth of L. bulgaricus and supplied by S. thermophilus (6, 7). An overview 
of the interactions between the two yoghurt bacteria, including exchange of CO
2
, pyruvate, folate etc, 
can be found in a recently published review by Sieuwerts et al.  (43). Putative genetic mechanisms 
underlying proto-cooperation, however, so far have not been studied in detail.
 The genomes of two L. bulgaricus strains and three S. thermophilus strains, all used in yoghurt 
manufacturing, have been fully sequenced (3, 31, 33, 34, 39, 44, 46). The available genomic information 
could provide new insights into the genetic aspects of proto-cooperation between L. bulgaricus and S. 
thermophilus through the identiﬁcation of putative horizontal gene transfer (HGT) events at the genome 
scale. HGT can be deﬁned as the exchange of genetic material between phylogenetically unrelated 
organisms (23). It is considered as a major factor in the process of environmental adaptation, for both 
individual species and entire microbial populations. Especially HGT events between two species 
existing in the same niche can reﬂect their inter-related activities and dependencies (13, 17). Nicolas 
et al. (36) predicted HGT events between Lactobacillus acidophilus and Lactobacillus johnsonii by 
analyzing 401 phylogenetic trees, also including genes of L. bulgaricus. Several HGT events have 
been predicted in the S. thermophilus strains CNRZ1066 and LMG18311 (3, 10, 18) as well as in L. 
bulgaricus ATCC 11842 (46).  Moreover, a core genome of S. thermophilus and possibly acquired 
genes were identiﬁed by a comparative genome hybridization study of 47 strains (40). 
In this study we describe an in-depth bioinformatics analysis in which we combined gene 
composition (GC content and dinucleotide composition) and gene transfer mechanism associated 
features. Thus, we predicted horizontally transferred genes and gene clusters in the ﬁve sequenced 
L. bulgaricus and S. thermophilus genomes, with focus on niche-speciﬁc genes and genes required 
for bacterial growth. Identiﬁcation of HGT events led to a list of putative transferred genes, some of 
which could be important for bacterial proto-cooperation and the adaptation to their environment. 
The evolution and function of the transferred gene cluster cbs-cblB/cglB-cysE (originally called 
cysM2-metB2-cysE2 in S. thermophilus), involved in metabolism of sulfur-containing amino acids, 
were analyzed in detail. On the basis of our analysis, it can be concluded that both species probably 
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agonistically co-evolved at the genetic level to optimize their combined growth in a milk environment, 
and that proto-cooperation thus includes both biochemical and genetic aspects.
Materials and Methods
Genome sequences
Complete genome sequences of L. bulgaricus ATCC 11842 (46), L. bulgaricus ATCC BAA365, 
S. thermophilus LMD9 (33), S. thermophilus CNRZ1066, S. thermophilus LMG 18311 (3), and L. 
helveticus DPC 4571 (4) were obtained from NCBI GeneBank Entrez Genome Database (http://www.
ncbi.nlm.nih.gov/genomes/lproks.cgi) under the GeneBank accession numbers CR954253, CP000412, 
CP000419, CP000024, CP000023 and CP000517, respectively (Table 6.1). The L. bulgaricus and S. 
thermophilus strains are either isolated from yoghurt or industrial yoghurt starter cultures.  
Table 6.1. General features of the published L. bulgaricus and S. thermophilus genomes (data adapted from 
the ERGO Bioinformatics Suite (37))
Lactobacillus bulgaricus Streptococcus thermophilus
ATCC 11842 ATCC BAA365 CNRZ1066 LMG18311 LMD9
Size (bp) 1,864,998 1,856,951 1,796,226 1,796,846 1,856,368
GC content 49.72% 49.69% 39.08% 39.09% 39.07%
Predicted ORFs a 1562 1721 1915 1892 1716
Coding density 75% 79% 85% 85% 78%
Genes associated with 
metabolic pathways
900 883 864 820 788
a. Since the ORFs from the bacterial genomes were predicted with various methodologies by different groups, annotations could 
be inconsistent especially for the pseudogenes. Therefore, the number of predicted ORFs should be treated with caution.  For 
the horizontally transferred genes predicted in this study, errors derived from inconsistent ORFs predictions, especially 
regarding to annotations of pseudogenes and mis-annotated genes, have been corrected using the whole genome comparison 
(supplemental material Table S1). 
Whole genome comparison
Genome sequences of the two L. bulgaricus strains and three S. thermophilus strains were 
aligned using the software package Mauve 2.0 (http://asap.ahabs.wisc.edu/mauve/) (8). Mauve 2.0 
can efﬁciently construct multiple genome sequence alignments with modest computational resource 
requirements. The tool is used for identifying genomic recombination events (such as gene loss, 
duplication, rearrangement, and horizontal transfer), and characterizing the rates and patterns of 
genome evolution. Mauve 2.0 uses an anchored alignment technique to rapidly align genomes and 
allows the order of those anchors to be rearranged to detect genome rearrangements. The anchors, 
local collinear blocks (LCB), represent homologous regions of sequence shared by multiple genomes. 
Mauve 2.0 requires that each collinear region of the alignment meets “minimum weight” criteria, 
in order to identify and discard random matches. The weight of a LCB is deﬁned as the sum of the 
lengths of matches in the LCB, and the minimum weight is a user-deﬁnable parameter. The minimum 
weight of a LCB used in this analysis was 41 and 46 for S. thermophilus and L. bulgaricus genomes, 
respectively. After removing the low-weight LCBs from the set of alignment anchors, Mauve 2.0 
could complete a gapped global alignment of each LCB. 
Horizontal gene transfer analysis
Putative HGT events between L. bulgaricus and S. thermophilus strains were ﬁrst detected 
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by the whole genome comparison using Mauve 2.0. The whole genome alignments were manually 
inspected to identify putative horizontally transferred genes. Sequence composition analysis 
was carried out, including calculation of GC composition (of 600 bp fragments) and dinucleotide 
dissimilarity value δ (of 1000 bp fragments) along the whole genome, using the δρ-Web tool (48) (see 
supplemental material Figure S2 and Figure S3). Identiﬁcation of HGT events by using composition 
differences is based on previous observations by Karlin et al. (24, 25) that each genome has a typical 
dinucleotide frequency and that related species have a similar genome signature. A high genomic 
dissimilarity between an input sequence and a representative genome sequence of the species from 
which the sequence was isolated suggests a heterologous origin of the input sequence. In other words, 
horizontally acquired genes can have a very different sequence dinucleotide composition, compared 
to the genome in which they presently reside and the difference can be expressed by the δ value. DNA 
fragments with signiﬁcantly different GC composition and/or dinucleotide composition (average 
±2SD) as compared to the whole genomes were predicted to be HGT regions. 
The predicted horizontally transferred genes and gene clusters were checked for HGT 
mechanism-associated features such as neighboring mobile elements or tRNA genes using Artemis (41) 
and Mauve 2.0. Homologs of the genes that were predicted to be transferred between S. thermophilus 
and L. bulgaricus, were collected by performing BLASTP searches (1) against all the available lactic 
acid bacteria (LAB) genomes or the non-redundant NCBI protein database. Homologous sequences 
were aligned with MUSCLE (12), and phylogenetic trees were constructed using the neighborhood 
joining method implemented in ClustalW (32). The phylogenetic trees were visualized in LOFT (47). 
The positions of orthologs from L. bulgaricus and S. thermophilus in the phylogenetic trees were 
checked to conﬁrm whether the predicted genes are horizontally transferred genes between the two 
genomes.
Results and Discussion
Through HGT, a genome can be rearranged by the integration and/or deletion of genetic 
elements, one of the driving forces in the evolution of organisms (50). HGT events can be detected 
using phylogenetic and compositional approaches. Information on gene transfer mechanisms, for 
instance transposases or bacteriophage-related genes found in the neighborhood of the target genes, 
can improve the prediction of HGT events (50). In order to reveal proto-cooperation between the 
two co-existing yoghurt species on the genetic level and to understand the rationale of their co-
evolution, putative HGT events were predicted and analyzed. HGT events, as detected by combining 
composition analysis or phylogenetic analysis and gene transfer mechanism associated features, are 
described for both S. thermophilus and L. bulgaricus strains. 
Putative HGT from foreign origin to S. thermophilus 
Previously, Hols et al. (18) identiﬁed putative HGT events in the genomes of S. thermophilus 
CNRZ1066 and LMG 18311. In this study, we predicted the horizontally transferred genes in the 
S. thermophilus LMD9 genome, and also thoroughly reanalyzed the genomes of S. thermophilus 
CNRZ1066 and LMG 18311 based on both gene composition and gene transfer mechanism 
associated features. In order to identify strain-speciﬁc regions and indications for gene transfer or loci 
rearrangement, genome alignments of the strains from each species were performed (supplementary 
material Figure S1). The alignment of the three S. thermophilus genomes showed that strain LMD9 
has undergone more genome rearrangements as compared to both other strains. Strain CNRZ1066 and 
strain LMG 18311 share a more conserved genome context (supplementary material Figure S1A). 
Gene composition analysis including GC-content (for details see supplementary material 
Figure S2) and dinucleotide composition (supplementary material Figure S3) analyses revealed 
a list of putative horizontally transferred genes in the three S. thermophilus strains (Table 6.2a, 
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supplementary material Table S1). In total 197 genes were predicted as potentially acquired in the 
three S. thermophilus genomes, of which 118 genes are located in 28 gene clusters (Table 6.2a). Over 
60% of those genes were found to be associated with gene transfer mechanism associated features, 
such as transposase, bacteriophage, and tRNA genes (supplementary material Table S1). Compared 
with the core gene set of 47 S. thermophilus strains, as identiﬁed by a recent comparative genomic 
hybridization study (40), 30 of the core genes overlapped with our HGT prediction. Since most of 
these core genes are not found to be associated with any mobile element or located in a predicted HGT 
gene cluster, they may be incorrectly predicted to be horizontally transferred by the gene composition 
analysis (supplemental material Table S1).  
 The three genomes have several putative horizontally transferred gene clusters in common, 
including clusters S1, S5, S23, S24, S25, and S26. Cluster S1 encodes several lantibiotic/bacteriocin 
biosynthesis proteins and an exporter i.e. labB, labC, labT. These genes in S. thermophilus CNRZ1066 
and LMG 18311 have been described by Hols et al. (18) as horizontally transferred genes. An ABC-
type transporter in cluster S5 (stu0324, str0324, STER_1694) was found to have the best homolog 
(40% identity) in L. helveticus DPC4571. Cluster S26 encodes enzymes involved in metabolism of 
sulfur-containing amino acids, as will be described in detail below. 
 We also found examples of strain-speciﬁc HGT events such as EPS (exopolysaccharides) 
biosynthesis genes. According to the distinct groups of polysaccharides deﬁned by Delcour et al. 
(9), EPS in this study refer to extracellular polysaccharides which are released into the medium or 
attached to the cell surface (capsular polysaccharides). EPS are important for the rheology, texture 
and ‘mouthfeel’ of yoghurt. In addition, they are believed to contribute to probiotic effects (35). 
Previous studies revealed that EPS biosynthesis genes can vary enormously in different LAB strains 
(49). The EPS biosynthesis genes are either obtained by HGT or may have evolved much faster than 
other genes. The clusters S10, S12 and S13 of S. thermophilus LMD9, CNRZ1066 and LMG 18311, 
respectively, have different gene compositions and contexts and share limited sequence similarities 
(Table 6.3), suggesting that their origin differs. 
Cluster S21 of S. thermophilus LMD9 contains STER_1698, encoding a phage-resistance 
protein with a Pfam Abi_2 domain. Homologs of this protein were found to be involved in bacteriophage 
resistance, mediated through abortive infection in Lactococcus species (2). They belong to the AbiD, 
AbiD1 or AbiF family of proteins encoded by lactococcal plasmids and are mainly active against 
bacteriophage groups 936 and C2.  The unique presence of this phage-resistance gene in strain LMD9 
might indicate a strain-dependent anti-phage characteristic. Moreover, the genes present in cluster S19 
of the same strain encode a novel phage-resistance system CRISPR3 (clustered regularly interspaced 
short palindromic repeats) with a low GC content (31%) indicative of a foreign origin. It agrees with 
the observation of Horvath et al. that CRISPR loci were possibly horizontally transferred and they 
may play an important role in adaptation to a speciﬁc environment (19, 20).
 Putative HGT from foreign origin to L. bulgaricus 
A similar analysis of the genomes of L. bulgaricus ATCC 11842 and ATCC BAA365 also 
revealed several putative HGT events (Table 6.2b, supplemental material Table S1, Figure S2 and 
Figure S3). The chromosomal regions with signiﬁcantly lower GC content could be the result of 
horizontal gene transfer from either S. thermophilus or other low-GC organisms. The high δ values, 
showing higher dissimilarity on dinucleotide composition, and the features of the ﬂanking regions 
related to mobile elements are indicative for the HGT event (Table 6.2b and supplemental material 
Table S1). In total 149 genes (including pseudogenes) were identiﬁed as putatively horizontally 
transferred, 120 of which were found to be associated with gene transfer elements. The large majority 
(130 of the 149 genes) were distributed in 24 gene clusters.
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Table 6.2a.  Proposed horizontally transferred genes and gene clusters in S. thermophilus genomes. (Genes in bold fonts are 
described in detail in the text.) 
Gene 
Cluster
LMG 18311 
(stu)a
CNRZ 1066 
(str)a
LMD9 
(STER_)a
GC 
(%)b
Delta
Value
*1000c
Delta
Plot
Positiond
HGT 
mechanism 
associated 
features
Functions
Low G+C content
S1 0098-0099-0100-
0102-0103-0108
0098-0099-0100-
0102-0103
0131-0133-0134-
0135
30 64 75% transposase, 
phage 
integrase 
lantibiotic/bacteriocin bioysnthesis 
protein or exporter e, phage 
integrase and hypothetical proteins
S2 0141-0142-0143-
0144-0145
36 90 98% transposase ABC-type peptide transport system
S3 0146-0148-0149-
0150
36 63 75% transposase bacteriocin exporter and EPS related 
protein
S4 0182-0183 0182g -0183 30 102 97% transcriptional regulator g, putative 
protein kinase e
S5 0324-0325-0328 0324-0325-0328 1694 28 56 49% transposase ABC-type transporter and 
hypothetical protein e
S6 0683-0684-0685-
0686-0687-0688
-0689-0690
27 73 89% transposase hypothetical proteins
S7 0706-0707-0709 0706-0707-0709 29 107 98% phage hypothetical proteins e
S8 0811-0812-0814-
0817
31 103 88% transposase, 
phage
hypothetical proteins
S9 0774-0782 32 125 85% phage hypothetical protein, phage 
associated
S10 1057-1059-1060-
1061-1062-1066
30 112 99.7% transposase EPS biosynthesis
S11 1041-1042-1043-
1044
1037-1040-1041-
1042-1044g
29 48 57% transposase UDP-N-acetylglucosamine 
enolpyruvyl transferase, regulator 
MutR family g, hypothetical protein, 
and tyrosyl-tRNA synthetasee
S12 1077-1078-1079-
1080-1081-1082
30 67 83% transposase EPS biosynthesis e
S13 1091-1092-1093-
1094-1095-1096-
1097-1098-1099-
1100-1102
30 84 99% transposase EPS biosynthesis e
S14 1296-1297-1298-
1299-1300-1301
27 94 98% macrolide efﬂux protein, peptidase 
F, regulator MutR family, hydrolase 
and hypothetical proteins
S15 1328-1329 29 68 30% UDP-N-acetylglucosamine 2-
epimerase and hypothetical protein
S16 1393 1393 1351-1352-1355-
1356-1358
30 71 90% transposase multi-drug efﬂux protein, regulator 
MutR family and hypothetical 
proteins e
S17 1479-1480 1441-1442-1443 30 48 46% glycosyltransferase involved in cell 
wall biogenesis and transcriptional 
activator amrA
S18 1481-1484-1486 1445 31 69 78% hypothetical membrane proteins e
S19 1474-1475-1476-
1477
31 66 89% CRISPR-system related proteins h
S20 1512-1514 1512-1514 29 112 94% hypothetical proteins e
S21 1693-1698 30 64 51% transposase regulator Xre family and abortive 
infection phage resistance protein
S22 1943-1944 1915-1916 27 89 87% transposase bacteriocin related proteins
S23 1947-1948-1949-
1950-1951
1947g -1948-
1949-1950g 
-1951
1919-1920-1921-
1922-1924
28 88 99% transposase regulator MutR family g and ABC 
transporter, putative protein kinase 
and hypothetical protein e
S24 1976-1977-1978-
1983-1989
1976-1977-1978-
1983-1989
1955-1955-1960-
1966
29 70 49% tRNA conserved hypothetical proteins e
High G+C content
S25 0040-0041 0040-0041 0058-0059 49 75 67% transposase purine metabolisme
S26 0846-0847-0848 0846-0847-0848 0885-0886-0887 43 148 99.4% transposase Cys/Met metabolism e
S27 1200-1201 46 66 46% transposase histidine synthesis
S28 1680-1685 1685 48 161 83% transposase putative bacteriocin e
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Table 6.2b. Proposed horizontally transferred genes and gene clusters in L. bulgaricus genomes. (Genes in bold are described in 
detail in the text.)
Gene 
Cluster
ATCC11842 
(ldb) a
ATCC BAA365 
(LBUL_) a
GC 
(%)b
Delta
Value
*1000c
Delta
Plot
Positiond
HGT 
mechanism 
associated 
features
Functions
L1 0014-0019-0020 0014-0019 39 83 80% tRNA ABC transporter, transcriptional 
regulator (Xre family)
L2 0157-0158 0132-0133 -0134 38 112 87% hypothetical proteins
L3 0245-0246-0247-0248-0249-
0251-0252-0253-0254
0208-0209-0210-0211-0213-
0214-0215-0216-0217
37 86 96% transposase folate biosynthesis proteins f,  
glutamine transport system, and 
hypothetical proteins
L4 0260-0261-0262-0263-0264-
0265-0266-0267-0268-0269-
0270-0271
0222-0223-0224-0225-0226-
0227-0228-0229
37 95 99% tRNA peptidases, amino acid transporter, 
methionine biosynthesis genes and 
hypothetical proteins
L5 0299-0301 0253-0255 35 103 92% serine/threonine protein kinase 
(signaling pathway) and hypothetical 
protein
L6 0329-0330-0332-0333-0334 0285-0286-0288-0289-0290 35 66 72% transposase
tRNA
ABC transporter, serine/threonine 
protein kinase and hypothetical proteins
L7 0430-0431 0384-0385 39 59 4% tRNA hypothetical proteins
L8 0959-0960-0961-0962-0964-
0966
33 71 75% phage 
recombinase
carboxypeptidase and hypothetical 
proteins
L9 0996-0997-0998-1009-1010-
1011
39 145 99% phage phage-associated proteins and 
hypothetical proteins
L10 1042-1044-1046-1047-1048-
1049
33 72 76% carboxypeptidase and hypothetical 
proteins
L11 1053-1054-1055-1077-1078 38 42 28% phage 
integrase
Type I restriction-modiﬁcation system
L12 1228-1229-1230-1231-1232 39 119 100% Type III restriction-modiﬁcation system 
and hypothetical protein
L13 1143-1144-1145-1146-1147-
1148-1150-1151-1152
39 81 97% transposase Type II and Type I restriction-
modiﬁcation system and hypothetical 
proteins
L14 1394-1395-1396 37 91 81% transposase hypothetical proteins
L15 1461-1462 1356-1357 38 104 92% transposase cyclopropane fatty acid synthase, 
peptidase
L16 1694-1695-1696-1697 1569-1570-1571-1572 38 87 86% tRNA glucose-1-phosphate 
thymidylyltransferase and hypothetical 
protein
L17 1775-1776-1777 -1778-1779-
1780-1781-1782
1645-1646-1647-1648-1650-
1651-1652-1653-1654-1655
36 98 99% transposase urea cycle protein f, amino acid 
transporter, oxalate/formate antiporte, 
transposase, type II restriction-
modiﬁcation system and hypothetical 
proteins
L18 1940-1941-1942-1943-1944-
1945
1803-1804-1805-1806-1807-
1808
37 80 90% transposase EPS biosynthesis
L19 1840-1841-1843-1848-1851-
1853
34 113 99.7% transposase EPS biosynthesis
L20 1985-1988-1989-1990-1991-
1997-1998-1999-2000-2001-
2003-2004-2005-2006
1854-1855 36 83 100% transposase EPS biosynthesis, DNA-binding protein, 
transposase and hypothetical proteins
L21 2094-2095 1938-1939 36 70 76% ABC transporter and serine/threonine 
protein kinase
L22 2108-2109-2110-2111-2112-
2113-2114-2117-2118
1950-1951-1952-1953-1954-
1955-1957-1958
40 95 98% transposase pyrimidine biosynthesis proteins and 
cold shock protein
L23 2178-2179-2180-2181 38 106 95% transposase spermidine/putrescine transporter f
L24 2192-2193-2194 2012-2013-2014-2015 37 75 62% transposase peptidoglycan-binding protein and 
hypothetical protein
a. Gene IDs are provided. For S. thermophilus LMG 18311, CNRZ1066 and LMD9, the IDs are started with stu, str and STER_, respectively; for L. 
bulgaricus ATCC11842 and ATCC BAA365, the IDs are started with ldb and LBUL_, respectively. 
b. Average GC content of all genes in the gene cluster. The average GC content values of the three S. thermophilus genome and the two L. bulgaricus 
genomes are 39.1% and 49.7%, respectively. 
c. The δ value indicates the dissimilarity of the dinucleotide composition between the putative horizontally transferred gene cluster and the complete 
genome. High δ values can be indicative for horizontal acquisition, but not necessarily in all cases (e.g. not for ribosomal proteins encoding gene 
clusters). Similarly, low or intermediate δ values do not necessarily suggest the genes are not acquired since a donor organism can have a similar DNA 
composition.  
d. The δ values of all genomic fragments are plotted in a frequency distribution. The δ value of the input sequence is then compared with the distribution of 
δ values of the genomic fragments. The position of the δ value of the input sequence is indicated by the percentage of fragments with a lower δ value.
e. The indicated genes of the S. thermophilus CNRZ1066 and LMG 18311 genomes have been described by Hols et al. and/or Bolotin et al (3, 18) as HGT 
genes.
f. The indicated genes of the L. bulgaricus ATCC11842 genome have been described by van de Guchte et al. (46) as HGT genes.
g. The indicated genes have been described by Ibrahim et al. (21) as the positive transcriptional regulators of the Rgg family.
h. The indicated gene cluster has been studied in detail by Horvath et al. (20)
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Among the predicted HGT events in L. bulgaricus, genes encoding transporter systems, 
restriction-modiﬁcation systems and EPS biosynthesis clusters are highly represented (Table 6.2b). 
Genes present in the EPS biosynthesis clusters L18, L19 and L20 (Table 6.3), have low-GC content 
values (from 34% to 37%) and relatively high δ values (between 0.08 and 0.11) which are higher than 
those of about 90% of the genome fragments. This indicates that most EPS biosynthesis genes in L. 
bulgaricus are possibly derived from phylogenetically unrelated low-GC organisms. 
Of the predicted horizontally transferred gene clusters, 15 out of 24 are found in both L. 
bulgaricus genomes (Table 6.2b). For example, Cluster L6 harboring genes encoding an ABC-type 
transporter has the best blast hit with Streptococcus pneumoniae TIGR4. Another example is the folate 
biosynthesis operon folB-folKE-folC-folP (cluster L3) which has been described previously by van 
Guchte et al.(46). L. bulgaricus strains are not able to produce folate, one of the essential components 
in human diets (45). This could be due to the absence of the genes involved in the biosynthesis of 
p-aminobenzoic acid (PABA), a precursor of folate. The PABA biosynthesis genes are present in the 
genomes of S. thermophilus. During the co-growth of both organisms, the S. thermophilus cells may 
provide PABA to L. bulgaricus cells, thereby enabling them to produce folate (43, 46). A glutamine 
transporter system (LBUL_0214-0217 or ldb0251-0254) present in the same cluster L3 could also be 
acquired by HGT. All the putative horizontally transferred genes indicate that the region harboring 
gene cluster L3 could be an active region with respect to genomic recombination. The ISL5-like (29) 
transposase gene (LBUL_0221) in this region provides additional suggestions for the predicted HGT 
events. 
Another interesting ﬁnding is the identiﬁcation of three eukaryotic-type serine/threonine 
protein kinase genes (Ldb0301, ldb0334 and Ldb2095 or LBUL_0255, LBUL_0290 and LBUL_
1939) in gene clusters L5, L6 and L21, respectively. Their protein sequences share about 30% identity 
with S. thermophilus homologs. Notably, BLAST analysis found the homologs of these genes only 
present in genomes of S. thermophilus, L. bulgaricus and one Lactococcus strain, but absent in other 
sequenced LAB genomes. The nucleotide sequence compositions of these protein kinase genes were 
not very similar to the S. thermophilus or L. bulgaricus genomes, suggesting a putative horizontal 
transfer event of the kinase genes from a foreign origin to S. thermophilus and L. bulgaricus genomes. 
Serine/threonine protein kinases are commonly found in eukaryotes, and they have been reported to 
play a role in bacterial growth and development in many bacterial species (28, 51). The function of 
the serine/threonine protein kinases in L. bulgaricus and S. thermophilus remains to be discovered. 
HGT between L. bulgaricus and S. thermophilus: cbs-cblB/cglB-cysE as an example
In addition to the HGT events in L. bulgaricus and S. thermophilus genomes from foreign 
origins, we also identiﬁed putative HGT events between L. bulgaricus and S. thermophilus genomes. 
The EPS biosynthesis genes epsI-ML (ldb1998-2000) in cluster L20 of L. bulgaricus were possibly 
acquired from S. thermophilus, since they share high sequence homology with the eps15 gene 
(stu1092) of S. thermophilus LMG18311 and eps3I of another S. thermophilus strain, with 46% and 
49% identity at the amino acid level, respectively (Table 6.3). EPSI-L (ldb1999-2000) is truncated 
due to an in-frame stop codon. A phylogenetic analysis using the homologs of EPSI-M and EPSI-L 
supported the hypothesis that the genes were transferred from S. thermophilus to L. bulgaricus (data 
not shown).  The transfer of EPS biosynthesis genes between S. thermophilus and L. bulgaricus could 
play a role in (the optimization of) the physical interaction between the species in mixed yoghurt 
cultures and, thus, in the exchange of metabolites and/or stimulatory factors. This hypothesis is 
supported by the observation that EPS production is also inﬂuenced by co-cultivation of both species 
(personal communication S. Sieuwerts, C. Ingham and J. van Hylckama Vlieg). For keﬁr, similar 
ﬁndings have been obtained for L. keﬁranofaciens and S. cerevisiae (5). The physical contact between 
both species enhanced the capsular keﬁran production of L. keﬁranofaciens.  
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Table 6.3.  Predicted horizontally transferred EPS biosynthesis clusters a (Genes in bold fonts represent those that were 
putatively transferred between yoghurt bacteria.) 
Gene  
cluster Gene ID
Gene 
alias Annotation 
c GC 
(%) Best  BlastP hit (excluding the same species)
d E-value e
S.  thermophilus LMD9 cluster
S10
STER_1057 oligosaccharide translocase (ﬂippase) 30 Lactococcus lactis subsp. cremoris  Ropy352 (EpsU, GI: 125631994) 0 (98%)
STER_1059 beta-D-Galp beta-1,4-galactosyltransferase 30 Clostridium beijerinckii NCIMB 8052 (GI:150019442) 1e-54 (43%)
STER_1061 glycosyltransferase 32 Lactobacillus gasseri ATCC-33323 (GI: 116629783) 6e-97 (49%)
STER_1062 alpha-L-Rha alpha-1,3-L-rhamnosyltransferase 30 Streptococcus pneumoniae 2748/40 (GI: 68643682) 2e-40 (34%)
STER_1066 b beta-D-Galp alpha-1,2-L-rhamnosyltransferase 30
Streptococcus infantarius
subsp. infantarius ATCC BAA-102  (GI: 171779794) 8e-31 (89%)
S.  thermophilus CNRZ1066 cluster
S12
str1077 epsL polysaccharide pyruvyl transferase 31 Bacillus subtilis str. 168 (GI: 50812312) 1e-44 (37%)
str1078 epsK heteropolysaccharide biosynthesis protein 27
Biﬁdobacterium longum subsp. infantis ATCC 15697 
(GI: 213692958) 1e-31 (30%)
str1079 epsJ secreted polysaccharide polymerase 31 L. lactis subsp. lactis KF147  (GI: 161702223 ) 8e-33 (32%)
str1080 epsI alpha-D-GlcNAc beta-1,3-glucosyltransferase 32 S. pneumoniae 1936/39 (WcrI, GI: 68644162) 3e-55 (37%)
str1081 epsH O-acetyltransferase 32 Biﬁdobacterium catenulatum DSM 16992 (GI: 212716325) 1e-36 (47%)
str1082 epsG beta-D-Glcp alpha-1,3-N-acetylglucosaminyltransferase 30 S. pneumoniae BZ86 (GI: 148767463) 3e-90 (44%)
S.  thermophilus LMG18311 cluster
S13
stu1091 epsK beta-1,6-N-acetylglucosaminyltransferase 30 Clostridium butyricum 5521(GI:182416979) 1e-29 (38%)
stu1092 eps15 glycosyltransferase 32 L. bulgaricus ATCC 11842 (EpsI-M, GI:104774657) 3e-83 (46%)
stu1093 glycosyltransferase 31 none N/A
stu1094 eps14 oligosaccharide translocase (ﬂippase) 32 Lactobacillus johnsonii ATCC 11506  (GI: 120400357) 7e-33 (39%)
stu1095 eps13 exopolysaccharide biosynthesis protein, putative 26
Clostridium perfringens C str. JGS1495 (GI: 
169342962) 1e-12 (25%)
stu1096 eps12 oligosaccharide translocase (ﬂippase) 29 Bacillus cereus ATCC 10987  (GI: 42784431) 7e-100(39%)
stu1097 eps11 alpha-1,2-frucosyltransferase 29 L. lactis subsp. lactis KF147 (GI: 161702195) 2e-33 (30%)
stu1098 eps10 glycosyltransferase 31 S. pneumoniae (GI:148996768) 2e-71 (55%)
stu1099 eps9 O-acetyltransferase 32 Vibrio parahaemolyticus AQ3810 (GI: 153837517) 7e-20 (48%)
stu1100 eps15 glycosyltransferase 32 S. pneumoniae strain 34356 (WcyK, GI:  68642874) 2e-40 (40%)
L. bulgaricus ATCC 11842  and ATCC BAA365 shared cluster
L18
ldb1940 b, 
LBUL_1803 b EPSII K oligosaccharide translocase (ﬂippase) 40 Pediococcus pentosaceus ATCC 25745 (GI:116492367) 7e-12 (46%)
ldb1941 b, 
LBUL_1804 b EPSII K oligosaccharide translocase (ﬂippase) 32
Actinobacillus pleuropneumoniae serovar 3 str. JL03 
(GI:165976892) 1e-31 (51%)
ldb1942, 
LBUL_1805 EPSII J beta-1,4-galactosyltransferase 36 Eubacterium siraeum DSM 15702 (GI:167749551) 2e-08 (32%)
ldb1943, 
LBUL_1806 EPSII I alpha-1,3-galactosyltransferase 34 Lactobacillus reuteri 100-23 (GI:194466827) 2e-45 (39%)
ldb1944, 
LBUL_1807 EPSII H glycosyltransferase 38 Ruminococcus gnavus ATCC 29149 (GI:154504886) 8e-49 (35%)
ldb1945, 
LBUL_1808 EPSII G dTDP-rhamnosyl transferase rfbF 40 Lactobacillus acidophilus NCFM (GI:58337989) 1e-68 (45%)
L. bulgaricus ATCC BAA365 cluster
L19
LBUL_1841 oligosaccharide translocase (ﬂippase) 30 L. johnsonii ATCC 11506 (GI:120400357) 9e-118(47%)
LBUL_1843 glycosyltransferase 36 Faecalibacterium prausnitzii M21/2 (GI:160944577) 3e-44 (36%)
LBUL_1848 glycosyltransferase 37 Clostridium sp. L2-50 (GI:160893138) 4e-40 (33%)
LBUL_1851 polysaccharide polymerase 31 Oenoccocus oeni bacteriophage fOgPSU1 (GI:50057028) 3e-62 (43%)
LBUL_1853 glycosyltransferase 32 L. johnsonii ATCC 33200 (GI:120400332) 7e-102(73%)
L. bulgaricus ATCC 11842  cluster, partially shared with ATCC BAA365
L20
ldb1998 EPSI M alpha-L-Rha alpha-1,3-glucosyltransferase 37 S. thermophilus LMG 18311 (eps15, stu1092) 3e-83 (46%)
ldb1999b 
ldb2000b EPSI L
beta-1,6-N-acetylglucosaminyltrans
ferase 36 S. thermophilus (Eps3I, GI: 24473742) 6e-42 (49%)
ldb2001 EPSI K oligosaccharide translocase (ﬂippase) 40 L. johnsonii NCC 533(GI:42518960) 0 (65%)
ldb2003 EPSI I exopolysaccharide biosynthesis protein, unknown function 34 Clostridium perfringens str. 13 (GI:18309485) 7e-06 (23%)
ldb2004 EPSI H alpha-1,3-galactosyltransferase 33 Clostridium botulinum F str. Langeland (GI:153941359) 1e-36 (37%)
ldb2005, 
LBUL_1854 EPSI G
beta-D-Glcp beta-1,4-
galactosyltransferase 36 L. gasseri ATCC 33323 (GI:116629786) 8e-69 (73%)
ldb2006, 
LBUL_1855 EPSI F
beta-1,4-galactosyltransferase 
accessory protein 36 L. gasseri ATCC 33323 (GI:116629787) 3e-77 (91%)
a. Only the genes related t?
b. Pseudogene
c. Annotations were obtained from the ERGO database (37).
d. The best BLASTP hits of the target protein against the non-redundant protein database from NCBI. If the best hit is in the same species, the second best 
will be retrieved, iteratively until a hit in a different species is found.  The gene name and/or GI code of the best BLAST hit are provided. The cut-off 
E-value used for determining existence of the best hits was 1e-5.
e. The percentage of identity is shown in the brackets. 
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 Another example of an HGT event between S. thermophilus and L. bulgaricus is the cbs-
cblB/cglB-cysE gene cluster encoding enzymes involved in sulfur-containing amino acid metabolism. 
The gene cluster was originally named cysM2-metB2-cysE2 (3), but renamed in our previous study 
on basis of a consistent functional annotation in LAB (30). Since this HGT event could give insight 
in the co-evolution in milk and proto-cooperation between the two bacterial species during yoghurt 
fermentation, we performed an in-depth comparative analysis on the evolution of this gene cluster, in 
the light of phylogeny, gene context and sequence features.
The cbs-cblB/cglB-cysE gene cluster is located in a 3.6 kb region (including a 600 bp upstream 
non-coding region) in S. thermophilus cluster S26. The corresponding genes in L. bulgaricus and S. 
thermophilus share more than 94% nucleotide sequence identity. Using the δρ-Web tool, we analyzed 
the sequence similarity between this DNA fragment and the whole genomes of S. thermophilus 
respectively: the cbs-cblB/cglB-cysE fragment has a very high δ value compared to the rest of the 
genome, indicating a lower sequence composition similarity between the DNA fragment and the S. 
thermophilus genomes. The δ values of the cbs-cblB/cglB-cysE cluster against S. thermophilus genomes 
are much higher than the δ values against L. bulgaricus genomes. Moreover, phylogenetic analysis 
also supported the prediction of this HGT event, and provided more insight in the evolutionary events 
leading to transfer of this cluster (Figure 6.1). The cbs-cblB/cglB gene clusters of S. thermophilus 
are closely linked to those of L. bulgaricus and L. helveticus (lactobacilli branch), instead of L. lactis 
in the classic phylogenetic tree, suggesting a HGT event from L. bulgaricus or L. helveticus to S. 
thermophilus. Although the sequence composition of this gene cluster is more similar to L. bulgaricus 
genomes than to the L. helveticus genome (lower δ values and more similar GC content), the difference 
is not signiﬁcant enough to conclude that the cluster originates from L. bulgaricus.   
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Figure 6.1. Phylogenetic tree of the cbs-cblB/cglB-cysE gene cluster in LAB genomes. The tree is constructed on the basis of the 
alignment of concatenated sequences of the cbs and cblB/cglB genes. Since the gene cysE is a pseudogene in a few genomes, it is not 
taken into account in the phylogenetic analysis. Bootstrap values are reported for a total of 1,000 replicates. Truncated cbs and cblB/
cglB genes from Lactobacillus acidophilus NCFM are also included in the tree. Genes from Bacillus subtilis 168 are used as the out-
group. The HGT event is indicated by an arrow. Lb., Lactobacillus; St., Streptococus; Lc., for Lactococcus.
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Gene context analysis indicates that L. bulgaricus, L. helveticus and S. thermophilus have the 
same gene organization in this region (Figure 6.2).  Moreover, the locus is ﬂanked by transposase 
genes, supporting recombination events to occur in this region. Multiple DNA sequence alignment 
of the cbs-cblB/cglB-cysE cluster revealed a 179 bp DNA fragment with a low GC content (34%) 
inserted into the open reading frame of the cysE gene in the L. bulgaricus genomes (supplemental 
material Figure S4). This sequence is responsible for the truncation of the cysE gene in L. bulgaricus. 
An inverted repeat and a direct repeat are found in close proximity to the boundaries of the insertion 
sequence (supplemental material Figure S4). The 179bp DNA sequence shares 98% identity with 
a transposase gene located in the vicinity of an EPS biosynthesis cluster in L. bulgaricus ATCC 
BAA365 (cluster L18). We found that this insertion element frequently occurs in non-functional 
genes (pseudogenes) of L. bulgaricus genomes (Table S2). For instance, in L. bulgaricus ATCC 
BAA365 it was found to be responsible for the truncation of the sucrose-6-phosphate hydrolase gene, 
a gene important for sucrose metabolism (22). 
The cbs-cblB/cglB-cysE cluster in L. helveticus shares over 90% nucleotide sequence identity 
to the counterparts in L. bulgaricus. Interestingly, the cysE gene in L. helveticus is intact. This suggests 
that S. thermophilus could have acquired this gene cluster from L. helveticus. Both species are used 
in conjunction in the manufacture of Bulgarian type yoghurt (11).
Role of the horizontally transferred cbs-cblB/cglB-cysE cluster in proto-cooperation
The enzymes encoded by the cbs-cblB/cglB-cysE gene cluster are involved in the metabolism 
of sulfur-containing amino acids. The metabolic pathway of the inter-conversion between cysteine 
and methionine containing these enzymes is shown in Figure 6.3. Serine acetyltransferase, encoded by 
Figure 6.2. Gene context of cbs-cblB/cglB-cysE in L. bulgaricus, L. helveticus and S. thermophilus. (A colour version can be 
found in Appendix). The clusters have the same gene context, while cysE in L. bulgaricus strains are truncated due to the presence 
of an insertion sequence (see supplemental material Figure S4). PSG, pseudogene. Dotted arrows also represent the pseudogenes. 
Predicted terminators are indicated by mushroom symbols. Transposase genes are shadowed by grey diagonal stripes. Modiﬁed from a 
image created with the Microbial Genome Viewer application (26).
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cysE, initiates cysteine biosynthesis by converting L-serine to O-acetylserine.  The enzymes encoded 
by cblB/cglB and cbs are involved in the conversion of homocysteine to cysteine. As indicated, CysE, 
CblB/CglB and CBS in S. thermophilus are probably obtained by HGT from L. bulgaricus, while 
the cysE gene is truncated in L. bulgaricus. It should be noted that another copy of the cysE and cbl/
cgl genes (in addition to those in the cbs-cblB/cglB-cysE operon) is present in the S. thermophilus 
genomes. 
Streptococcus thermophilus
Lactobacillus bulgaricus
Cys
L-serine
O-acetyl-L-serine
CysE
CysK
CGS
Cystathionine Homocysteine
CBL
CGL CBS
Met
MetH
MetE
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O-phospho-homoserine O-succinyl-homoserine
HSK
ATP
ADP
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succinatePi
H2S
HGT
absent or a pseudogene
present in only
one strain
Figure 6.3. Methionine and cysteine inter-conversion pathway in S. thermophilus and L. bulgaricus. (A colour version can 
be found in Appendix). Filled red boxes represent the presence of the genes in the three S. thermophilus strains. Filled blue boxes 
represent the presence of the genes in both L. bulgaricus strains. The half-ﬁlled blue box represents a gene only present in L. bulgaricus 
ATCC BAA365.  White boxes indicate that the genes are either absent or pseudogenes. Arrows represent the HGT events and the 
directions. Gene cysE in L. bulgaricus is truncated after the HGT, thus is also shown as a white box. The enzymes in this ﬁgure are: 
CysE, serine acetyltransferase; CysK, O-acetylserine sulfhydrylase; CBL, cystathionine beta lyase; CGL, cystathionine gamma lyase; 
MetH, homocysteine S-methyltransferase; MetE, homocysteine methyltransferase; HSK, homoserine kinase; HSST, homoserine O-
succinyltransferase; CGS, cystathionine gamma synthase; CBS, cystathionine beta synthase. The distribution of the above genes in S. 
thermophilus and L. bulgaricus genomes is derived from our previous study (30). Suc-CoA, succinyl coenzyme A; Pi, phosphate.
The sulfur-containing amino acids cysteine and methionine are present in low concentrations 
in milk proteins, 0.89% and 2.4% respectively (42). In milk, only traces of methionine and cysteine 
can be detected as free amino acids (14). As the amount of sulfur-containing amino acids in milk 
either as free amino acids or derived from proteolysis may not meet the requirements for bacterial 
growth, bacteria need to synthesize these amino acids de novo. S. thermophilus strains are already 
equipped with most genes required for methionine and cysteine biosynthesis. However, under the 
evolutionary pressure, S. thermophilus might need to produce more cysteine/methionine, and a 
“foreign” gene cluster could probably have added value, for instance when under the control of an 
alternative regulatory mechanism. In Streptococcus strains it was found that the promoter region of 
cysK, the cbs paralog, has a conserved motif for binding to the transcriptional regulator CmbR (27). 
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This activator regulates the metC-cysK operon encoding a cystathionine lyase and cysteine synthase in 
Lactococcus lactis (15). This regulatory motif is not found upstream of the cbs-cblB/cglB-cysE gene 
cluster. However, we did ﬁnd a GC-rich motif to be conserved in the upstream region of the cbs gene 
in S. thermophilus, L. bulgaricus, as well as L. plantarum, Oenococcus and Leuconostoc genomes, 
which may be a binding site for an alternative transcriptional regulator (supplemental material 
Figure S5). After transferring the intact gene cluster to S. thermophilus, the L. bulgaricus strains may 
have inactivated their cysE gene thereby losing the ability to synthesize cysteine. In contrast to S. 
thermophilus, L. bulgaricus lacks an active serine biosynthesis pathway, it is unnecessary to maintain 
a functional gene involved in this pathway for synthesizing cysteine from serine.
 A recent proteomics study on S. thermophilus LMG18311 revealed the up-regulation of sulfur-
containing amino acids biosynthesis genes, including cbs (cysM2) and cblB/cglB (metB2), when 
grown in co-culture with L. bulgaricus ATCC11842 (16). The stimulatory effect of L. bulgaricus on 
this biosynthetic pathway in S. thermophilus suggests that the enzymes are indeed of importance for 
the proto-cooperation in yoghurt manufacturing. 
Conclusions
The proto-cooperation between L. bulgaricus and S. thermophilus in yoghurt manufacturing 
has been previously described, but mainly with respect to their dependency of growth factors and 
metabolic interactions. In this study, we identiﬁed HGT events between the yoghurt bacteria and 
revealed proto-cooperation on basis of exchanged and/or acquired genetic elements during evolution. 
The genome-wide analysis generated in a list of genes and gene clusters, most probably obtained by 
HGT. The EPS biosynthesis proteins EPSI-ML in L. bulgaricus genomes were likely to be acquired 
from S. thermophilus. A gene cluster encoding the enzymes involved in sulfur-containing amino acids 
metabolism (cbs-cblB/cglB-cysE) in S. thermophilus was probably transferred from L. bulgaricus 
strains.  The predicted HGT events in bacteria used in yoghurt manufacturing, S. thermophilus and 
L. bulgaricus, provide important information on their co-evolution and their proto-cooperation 
strategies for adaptation to the milk environment.  The new insights could be used advantageously 
to improve the control of co-growth of both species in yoghurt manufacturing and, accordingly, to 
improve product characteristics. 
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读万卷书，行万里路
    - 古训
In order to attain wisdom, it is not enough merely to read books, you must be well travelled as well.
           - unknown author
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This thesis describes a comparative bioinformatics analysis of genomes of lactic acid bacteria to 
explore their proteolytic and ﬂavour-forming potentials, as well as their proto-cooperations (Figure 
7.1). It focuses on improving annotations of the relevant genes and enzymes, ﬁlling in gaps in 
metabolic pathways, and identifying regulatory mechanisms in order to construct a dynamic model 
of ﬂavour-forming networks. Genome-wide analyses were used to reveal proto-cooperation between 
two bacterial species in yoghurt fermentation resulting from horizontal gene transfer. 
This research was funded by the Casimir Programme of the Netherlands Ministry of Economic 
Affairs. The objectives of the Casimir Programme are (i) to increase the mobility of research staff in 
the public and private sector, and (ii) to accelerate the knowledge exchange between academics and 
industry. The studies described in this thesis were carried out at two locations: FrieslandCampina 
Research, Deventer, and the Center for Molecular and Biomolecular Informatics, Radboud University 
Nijmegen. 
Comparative Genomics
Proteolysis
Flavour-formation
from amino acids
Proto-cooperation
Improve enzyme 
annotations
Improve enzyme annotations
Identify HGT
Flavour-forming
pathway reconstruction
Regulatory 
mechanisms RPE approach
Gap-fillingInclude control factors
chapter 2
chapter 3
chapter 4 chapter 5
chapter 6
Figure 7.1. Overview scheme of the main topics in this thesis. Each chapter focuses on one of the topics shown in 
the ovals. 
Protein annotation and enzyme family analysis
We have analyzed the ﬂavour-forming pathways from proteins by LAB in two steps: 
i) proteolysis and ii) amino acid degradation. Our comparative genomics approach combined 
information from phylogeny, synteny and literature, and led to an improvement of the functional 
annotation of proteolytic system components such as cell wall-bound proteinase, peptide transporters 
and peptidases, as well as enzymes in branched-chain, aromatic and sulphur-containing amino acid 
metabolism. Protein subfamilies with distinct substrate speciﬁcities could be identiﬁed in large 
protein families, exempliﬁed by the PepP/PepQ/PepM family, the PepD family, and the PepI/PepR/
PepL family (chapter 2), as well as the cysteine synthase/cystathionine beta-synthase family and 
the cystathionine beta/gamma lyase family (chapter 3). Moreover, protein 3D-structure alignment 
allowed us to more clearly distinguish the PepI/PepR/PepL subfamilies and an esterase family EstA. 
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Proteolytic and ﬂavour-forming potential
The improved functional annotations were used to predict the proteolytic capacities in various 
species or strains of LAB. For example, the LAB genomes in the L. acidophilus group, including 
L. acidophilus, L. johnsonii, L. gasseri, L. bulgaricus, and L. helveticus strains, encode a relatively 
higher number and variety of  proteolytic system components. The cell-wall bound proteinase 
(PrtP) was only found on the chromosome of L. acidophilus, L. johnsonii, L. bulgaricus, L. casei, L. 
rhamnosus and S. thermophilus strain LMD9, as well as on the plasmid of L. lactis subsp. cremoris 
SK11. LAB species of plant origin, such as L. plantarum, O. oeni, and Leuconostoc mesenteroides, 
encode less proteolytic enzymes in their genomes, which agrees with their ecological niche that is 
ﬁber-rich but contains less proteins. In addition, proteolytic components in 39 Lactococcus strains, 
including proteinase, oligopeptide transport system and peptidases were shown to be distributed 
unevenly, probably due to plasmids which encode them, and reﬂect the environment from which 
they were isolated. Similarly, ﬂavour-forming potential from amino acids by various LAB was also 
predicted. S. thermophilus and Lactococcus strains as well as some other milk-associated LAB e.g. 
Lb. casei, seem to possess relatively more abundant ﬂavour-forming enzymes, whereas many of them 
are lacking in typical GI-tract bacteria e.g. L. gasseri and L. johnsonii. 
Metabolic pathway reconstruction
Reconstructions of metabolic networks rely heavily on the correct annotation of genes and 
proteins from the genome sequence of the organism. However, many genes and proteins in public 
databases have wrong annotations or are annotated as unknown function, leading to an incompleteness 
of the genome-scale metabolic model. Many of the metabolites that are identiﬁed by high-throughput 
techniques cannot be linked to the metabolic networks due to the limited genetic or biochemical 
knowledge, especially for those which are non-essential in central metabolism. We developed an in 
silico approach, named Reverse Pathway Engineering (RPE), to improve these models. This approach 
combines chemoinformatics and bioinformatics analyses, and predicts the missing links between target 
compounds and their possible metabolic precursors by providing plausible chemical or enzymatic 
reactions. Based on the transformation rules of a reaction database, which can be adjusted to the 
speciﬁc user case, the RPE approach can propose both chemical and enzymatic reactions, including 
ones that have never been described in databases or literature. We have validated this approach with 
the known metabolic routes leading to the formation of ﬂavour compounds from leucine. We identiﬁed 
unknown ﬂavour-forming reactions, i.e. the conversion of α-hydroxy-isocaproate to 3-methylbutanoic 
acid and the synthesis of dimethyl sulﬁde, as well as the corresponding enzymes. Those new ﬁndings 
ﬁlled in gaps of the incomplete ﬂavour-forming pathways and provided leads to improve the ﬂavour 
proﬁles by metabolic engineering.
Regulation
Regulatory mechanisms of genes encoding twelve key enzymes associated with cysteine 
and methionine metabolism were identiﬁed, and included both transcription factor binding sites and 
RNA riboswitches. Binding motifs of the known transcriptional regulators CmbR and MetR/MtaR in 
lactococci and streptococci were reﬁned on basis of sequence consensus. Many putative transcription 
factor binding sites that have not been reported before were proposed using a comprehensive 
footprinting method. Inclusion of the regulation mechanisms of ﬂavour-forming pathways contributes 
to the construction of a dynamic metabolic network where the control factors are integrated.
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Proto-cooperation
Comparative analyses of genomes can also generate insight into proto-cooperation of bacteria 
which evolve in the same niche, e.g. via horizontal gene transfer events. In yoghurt manufacturing, 
the proto-cooperation between L. bulgaricus and S. thermophilus has been previously described, but 
mainly with respect to their dependency of growth factors and metabolic interactions. Our analysis 
of horizontal gene transfer events revealed proto-cooperation on basis of exchanged and/or acquired 
genetic elements during evolution. The EPS biosynthesis proteins EpsI-ML in L. bulgaricus genomes 
were predicted to be acquired from S. thermophilus. A gene cluster encoding the enzymes involved 
in sulfur-containing amino acid metabolism (cbs-cblB/cglB-cysE) in S. thermophilus was probably 
transferred from L. bulgaricus strains. The HGT events are possibly important for adaptation of both 
bacteria to the milk environment and optimization of their combined growth and interactions.
General discussion and future perspectives
In this thesis, we have improved gene annotations by a comprehensive comparative genomics 
approach, which combines sequence similarity, phylogeny, gene context and literature evidence. The 
improved annotations of enzyme activities can be used for predictions of metabolic phenotypes of 
LAB, with respect to their proteolytic capacity and ﬂavour-forming potential.  It should be noted that 
only the LAB strains which have been sequenced to date were analyzed by our comparative genomics 
approach, and these are often type strains or model laboratory strains. To explore other strains which 
have not been sequenced, especially industrial strains, experimental techniques such as comparative 
genomic hybridization with microarrays could be applied, as exempliﬁed by our CGH pangenome 
analysis of proteolytic system components in lactococci (chapter 2). In fact, the improvement of the 
functional annotation of the enzymes involved in target pathways is a starting point for predicting 
bacterial phenotypical characteristics on the strain level. Furthermore, the comparative genomics 
analyses could direct molecular or biochemical tests in order to validate the predicted enzyme 
activities. 
Genome-wide metabolic models are generally constructed on basis of the sequence information 
and gene function assignments. However, for the non-essential metabolic routes, little information 
is available on the genetic or biochemical level, which therefore leads to the incompleteness of the 
reconstructed pathways. Although improving problematic gene annotations via comparative genomics 
can provide a better foundation for metabolic reconstruction, gaps still exist in the metabolic pathways. 
In these cases, metabolomics techniques such as NMR in combination with isotope-labeled precursors 
will be helpful by measuring the intermediate metabolites. Pathways can then be reconstructed and 
gaps can be ﬁlled using the retrosynthesis tool within the Reverse Pathway Engineering (RPE) 
approach, combined with the information of identiﬁed intermediates. 
When genome-wide metabolic models with curated ﬂavour-forming pathways are obtained, 
various pathway analyses can be applied to the stoichiometric model, to investigate the metabolic 
properties and ultimately to identify opportunities for steering speciﬁc end-products via metabolic 
engineering. For instance, high-throughput GC-MS data of ﬂavour proﬁles measured under different 
conditions can be projected on metabolic networks. Pathways or reactions that are signiﬁcantly 
changed under certain conditions can be identiﬁed and condition-dependent cell phenotypes could 
be determined. Such studies are currently underway at Top Institute (TI) Food and Nutrition, the 
Netherlands. Another example is to apply ﬂux-balance analysis e.g. to compare ﬂux distributions 
using the genome-scale models of bacteria with different metabolic capacities to produce target 
compounds.  Key enzymes/genes can be identiﬁed as genetic engineering targets, and model-guided 
metabolic engineering may increase production of the desired compounds. 
SUMMARIZING DISCUSSION
105
C
H
A
P
T
E
R
 7
The newly developed strategy (RPE approach), used for forging the gaps between metabolomics 
and genomics data, can also provide leads for metabolic engineering by predicting alternative reactions/
pathways. A hypothesis was generated to produce a key cheese ﬂavour component from a non-ﬂavour 
compound via a site-directed mutagenesis of a proposed enzyme (described in detail in chapter 5) and 
is being tested experimentally under cheese fermentation conditions. In addition, the mechanism of 
biosynthesis of off-ﬂavour compounds, observed in some dairy products, can be investigated by the 
combination of cheminformatics and bioinformatics analyses in this approach. Candidate spoilage 
microorganisms that are responsible for the formation of off-ﬂavours in the product could be proposed 
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Figure 4.1; a colour version can be found in 
Appendix). TFBS, transcription factor bind site 
has been identiﬁed; however the transcription 
factor is unknown. 
Coupling the transcriptional mechanisms to the metabolic model may provide additional 
opportunities, since regulatory genes are often responsible for controlling the ﬂux distribution, and 
may serve as important targets for metabolic engineering. For instance, Figure 7.2 shows that the 
methionine and cysteine metabolic pathways in S. thermophilus are regulated by several transcription 
regulators, e.g. CmbR and MetR/MtaR. Different expression levels of these regulators could lead to 
different ﬂux distributions. Therefore, ﬂuxes could be increased and the production of target products 
could be steered by modifying the gene expression of regulators. However, some transcription factors 
which regulate enzymatic reactions in the biosynthesis of sulphuric ﬂavour compounds are unknown 
as yet, although we have identiﬁed conserved binding sites for those regulators. Both computational 
and experimental methods can be used to search for the candidate regulators. The in silico approach 
includes identiﬁcation of the regulon members of the unknown regulator by genome-wide scanning 
for the identiﬁed binding motifs. If the transcription factor is self-regulated, it can be found as a 
member of the regulon. 
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and corresponding trouble-shooting methods can be applied. Since the reaction database used in the 
approach is quite ﬂexible, the application ﬁeld could be easily extended to biomarker discovery i.e. 
looking for potential metabolite biomarkers that are indicative of speciﬁc phenotypes, and to synthetic 
biology for in silico design of biosynthesis pathways to construct microbial chemical factories. 
Moreover, the new insights into proto-cooperation of yoghurt bacteria could be used advantageously 
to improve the control of co-growth of both species in yoghurt manufacturing and, accordingly, to 
improve product characteristics. 
SAMENVATTING
107
Samenvatting
DUTCH SUMMARY
108
Dit proefschrift beschrijft de resultaten van een bio-informatica aanpak waarin, vergelijkenderwijs, het 
erfelijk materiaal van verschillende melkzuurbacteriën onderling bestudeerd is. Er is op zoek gegaan 
naar de verschillen en overeenkomsten in eiwitafbrekende en aromavormende eigenschappen. Ook 
de mogelijke samenwerking van verschillende melkzuurbacteriën, de zogenaamde proto-coöperatie 
(Figuur 7.1), is aan bod gekomen. Het in dit proefschrift beschreven werk heeft zich met name gericht 
op het bouwen van een dynamisch model voor aromavormende stofwisselingsroutes. Om dit te 
kunnen bereiken is gewerkt aan het verbeteren van de annotatie van relevante genen en enzymen, zijn 
hiaten in stofwisselingsroutes ingevuld en regulerende mechanismen in kaart gebracht. Genoomwijde 
analyses zijn gebruikt om samenwerking aan te tonen tussen twee bacteriële soorten die gebruikt 
worden in yoghurt fermentatie. Deze samenwerking is gebaseerd op horizontale genoverdracht.
Het hier beschreven onderzoek is uitgevoerd in het kader van het Casimir programma van het 
Nederlands Ministerie van Economische Zaken. De doelstellingen van het Casimir programma zijn 
tweeledig: aan de ene kant het stimuleren van de uitwisseling van onderzoekers tussen de publieke 
en private sector en aan de andere kant het versnellen van kennisuitwisseling. De beschreven studies 
zijn uitgevoerd op twee locaties: FrieslandCampina Research in Deventer en het Centrum voor 
Moleculaire en Biomoleculaire Informatica aan de Radboud Universiteit Nijmegen. 
Eiwit annotatie en enzym familie analyse
Aromavormende stofwisselingsroutes vanuit eiwitafbraak door melkzuurbacteriën zijn in 
twee stappen in kaart gebracht: analyse van eiwitafbraak routes en analyse van aminozuurafbraak 
routes. Door gebruik te maken van fylogenetische informatie, syntenie gegevens en literatuur, 
werd de functionele annotatie verbeterd van allerlei onderdelen van het eiwitafbraak systeem zoals 
celwandgebonden proteïnases, peptide transporters en peptidases maar ook enzymen die betrokken 
zijn bij de stofwisseling van vertakte keten aminozuren, aromatische aminozuren en zwavelhoudende 
aminozuren. 
Eiwit subfamilies met duidelijk afgebakende substraat speciﬁcaties konden worden herkend in 
grotere eiwit families. Voorbeelden hiervan zijn de PepP/PepQ/PepM familie, de PepD familie en ook 
de PepI/PepR/PepL familie (hoofdstuk 2), maar ook de cysteïne synthase/cystathion beta-synthase 
familie en de cystathion beta/gamma lyase familie (hoofdstuk 3). Daarnaast was het mogelijk om met 
3D eiwitstructuurvergelijking te komen tot een betere (sub)familie classiﬁcatie van de PepI/PepR/
PepL subfamilie en de esterase familie EstA.
Eiwitafbraak en aromavormend potentieel
Verbeterde functionele annotatie is gebruikt om de eiwitafbrekende eigenschappen van 
verschillende soorten melkzuurbacteriën nader in kaart te brengen. Hieruit is gebleken dat de genomen 
van de L. acidophilus groep, die bestaat uit L. acidophilus, L. johnsonii, L. gasseri, L. bulgaricus, en L. 
helveticus, een groter en meer divers aantal componenten uit het eiwitafbraak systeem in zich dragen 
dan andere melkzuurbacteriën. Het celwandgebonden proteinase (PrtP) werd alleen aangetroffen op 
het chromosomale DNA van L. acidophilus, L. johnsonii, L. bulgaricus, L. casei, L. rhamnosus en S. 
thermophilus strain LMD9, en op het plasmide van L. lactis subsp. cremoris SK11. Melkzuurbacteriën 
van plantaardige oorsprong, zoals L. plantarum, O. Oeni en Leuconostoc mesenteroides, bevatten 
minder eiwitafbrekende enzymen in hun genomen. Dit is in overeenstemming met de ecologische 
niche van deze organismen waarin met name vezels aanwezig zijn en minder eiwitten. Analyse van 
39 Lactococcus stammen toonde duidelijk aan dat verschillende componenten van het eiwitafbraak 
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systeem (o.a. proteïnases, oligopeptide transporters en peptidases) onevenredig verdeeld zijn. Dit 
wordt waarschijnlijk veroorzaakt doordat sommige van deze componenten genetisch gecodeerd 
liggen op (mobiele) plasmiden en is een weerspiegeling van het milieu waaruit deze organismen 
afkomstig zijn. 
Niet alleen de eiwitafbrekende eigenschappen van verschillende melkzuurbacteriën zijn in 
kaart gebracht, maar ook de aromavormende. S. Thermophilus, verschillende Lactococcus stammen 
en een aantal andere melkgerelateerde stammen (b.v. Lb. casei) bevatten vooral veelvoorkomende 
aromavormende enzymen. Bacteriën uit de darm, zoals L. gasseri en L. johnsonii, lijken deze enzymen 
te missen. 
Reconstructie van stofwisselingsroutes
Reconstructie van stofwisselingsroutes is alleen mogelijk als de genen en eiwitten van 
een organisme correct geannoteerd zijn op basis van hun genoomsequentie. In veel gevallen zijn 
de annotatie gegevens van genen en eiwitten in publiekelijk beschikbare databases incompleet of 
foutief, waardoor er geen goede stofwisselingsmodellen gemaakt kunnen worden.  Veel producten 
van stofwisselingsprocessen, die gemeten worden met behulp van moderne technieken met zeer 
hoge verwerkingscapaciteit, kunnen niet goed geplaatst worden in dit soort modellen doordat 
er onvoldoende genetische en/of biochemische kennis voorhanden is. Dit is vooral het geval 
voor de stofwisselingsproducten die niet essentieel zijn voor de centrale stofwisseling. Om het 
reconstructieproces van stofwisselingsroutes verder te verbeteren is er een in silico methode ontwikkeld 
genaamd “Reverse Pathway Engineering (RPE)”. Deze nieuwe methode combineert chemo-
informatica met bio-informatica en voorspelt de ontbrekende moleculen tussen gemeten functionele 
moleculen en hun mogelijke cellulaire voorlopers uit stofwisselingsroutes. RPE levert hiervoor 
mogelijke chemische of enzymatische reacties aan. Op basis van zogenaamde omzettingsregels uit een 
reactiedatabase genereert de RPE methode een aantal plausibele chemische en enzymatische reacties, 
waaronder nieuwe reacties die nog niet beschreven zijn in literatuur of publiekelijk beschikbare 
databases. De omzettingsregels die gebruikt worden kunnen worden aangepast aan de speciﬁeke 
vraag. Deze nieuwe methode is gevalideerd aan de hand van de al eerder beschreven aromavormende 
stofwisselingsroutes uitgaande van leucine. Het is interessant om te vermelden dat ook onbekende 
aromavormende reacties voorspeld werden zoals de conversie van α-hydroxy-isocaproaat naar 
isovaleriaanzuur en de productie van dimethyl sulﬁde, maar ook de noodzakelijke enzymen hiervoor. 
Door het vermogen om dit soort nieuwe routes te voorspellen, kunnen bestaande gaten in incomplete 
aromavormende stofwisselingsroutes gedicht worden en kan er richting gegeven worden aan het 
proces van “metabolic engineering” om aromaproﬁelen te verbeteren.   
Reguleringsmechanismen
Van twaalf enzymen die een sleutelrol vervullen in de cysteïne en methionine stofwisseling 
zijn de activiteitsregulerende mechanismen opgehelderd op gen niveau. Zowel transcriptiefactor 
bindingsplaatsen als RNA “riboswitches” maken hier deel van uit. In dit proces zijn de bindingsmotieven 
verder verﬁjnd van de al bekende transcriptie factoren CmbR en MetR/MtaR, die voorkomen in 
Lactococci en Streptococci, op grond van overeenstemming in DNA sequenties. Er konden veel 
nieuwe potentiële transcriptiefactor bindingsplaatsen voorspeld worden door gebruik te maken van 
een uitgebreide “footprinting” methode. Door dit soort regulerende mechanismen als onderdeel mee te 
nemen in modellen van aromavormende stofwisselingsroutes wordt een duidelijke bijdrage geleverd 
aan het verder verbeteren van dit soort modellen. Uiteindelijk zal dit leiden tot allesomvattende, 
dynamische stofwisselingsmodellen, waarin ook de verschillende factoren die controle uitoefenen op 
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de kinetiek van de processen geïntegreerd zijn.
Samenwerking (proto-coöperatie)
Het vergelijken van de genoominformatie van melkzuurbacteriën geeft inzicht in de mogelijke 
onderlinge samenwerking tussen die organismen. Doordat deze organismen zich gezamenlijk 
ontwikkeld hebben in een zelfde ecologische niche kunnen samenwerkingsverbanden tot stand zijn 
gekomen door horizontale genoverdracht. Het is bekend dat tijdens yoghurt productie L. bulgaricus 
en S. thermophilus samenwerken waarbij er in het verleden vooral gekeken is naar welke groei- en 
stofwisselingsfactoren hiervoor noodzakelijk zijn. Analyse van horizontale genoverdracht laat zien 
dat samenwerking ook plaatsvindt op basis van uitwisseling van genetische elementen gedurende de 
evolutie. Uit deze analyses kwam naar voren dat de genen van de EPS biosynthese eiwitten EpsI-ML 
uit het genoom van L. bulgaricus oorspronkelijk afkomstig zijn uit het genoom van S. thermophilus. 
Verder is het waarschijnlijk dat een gencluster dat codeert voor de enzymen die betrokken zijn bij 
zwavelbevattende aminozuur stofwisselingsroutes (cbs-cblB/cglB-cysE) in S. thermophilus afkomstig 
zijn van L. bulgaricus. Horizontale genoverdracht lijkt dus een belangrijk mechanisme waarmee 
bacteriën zich uiteindelijk hebben aangepast aan de melk matrix en waardoor er optimale groei en 
samenwerking mogelijk is. 
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背景
乳酸菌（lactic acid bacteria, LAB）是一大类糖代谢主要以乳酸为终产物的革兰氏阳性非
芽孢细菌。乳酸菌广泛存在于乳制品，肉类，植物等发酵环境中。他们在食品和饮料的发酵
生产过程中起着非常重要的作用，例如，促进产品风味，口感和营养物质的形成。某些乳酸
菌，譬如双歧杆菌，长期寄居在人类和其他哺乳动物的肠道，他们作为益生菌被添加至不同
的功能食品中。
乳酸菌有着用于制作乳酪，酸奶和其他发酵乳制品悠久历史，可追溯到几个世纪之
前。随着现代生活方式对发酵乳制品需求量增长，分子层面对乳酸菌的作用机制和特性的了
解将革命性的促进大规模工业生产。但是，乳酸菌的很多特性，比如它们如何影响食品中的
风味物质形成却依旧不清楚。因此，对其遗传和生理机制的基础研究将有效地改善发酵食品
的质量和功能。
在最近的几年里，随着基因组测序的技术迅速发展，及其成本的降低，效率的提高，
许多与食品健康相关的乳酸菌基因组序列相继被测定，包括大约40个乳酸菌染色体基因组，
如嗜热链球菌、乳酸乳球菌、嗜酸乳杆菌、约氏乳杆菌、植物乳杆菌、唾液乳杆菌唾液亚种
和长双歧杆菌等等。这些完整的基因组序列带来了大量前所未有的可供研究的遗传信息，但
同时也带来了不可低估的挑战，比如如何使用生物信息学翻译和理解这些遗传编码中隐藏的
生物意义。基因组信息可以用于建立细菌的代谢模型，在电脑中模拟其生长过程，并且理解
它们的调控机制，最终，揭示这些乳酸菌的遗传和代谢趋势。了解乳酸菌的基因序列将极大
地帮助人们了解它们在食品工业中的作用，实现最优化的生产设计。
本书系统阐述了运用比较基因组学的方法研究不同已被测序乳酸菌的蛋白水解力和形
成风味物质的能力，以及酸奶乳酸菌的共生关系。我们重点研究了如何改进相关基因的功能
注释，如何填补代谢途径中空白的方法，并通过相应调控机制架构一个风味物质形成路径的
动态模型。
蛋白水解，氨基酸降解和风味物质的形成
乳酸菌产出的风味物质来自不同的生化代谢路径。食品产品中的重要风味物质可以结
合气相色谱-质谱联用分析仪（GC-MS）和专业嗅觉检测（olfactometry）而确定。在乳酪中，
风味物质的代谢前体包括脂肪，酪蛋白（casein），及各种糖类。其中，酪蛋白的降解是最
为重要的风味物质形成路径，它产出大量具有香味的醇类，醛类，酯类及含硫化合物。从酪
蛋白到风味物质的过程包括两个基本步骤，蛋白质水解和氨基酸降解。
在乳酸菌中，酪蛋白水解是由细胞壁蛋白酶主导的催化反应将蛋白质降解到多肽开始
的。这些多肽接着被肽转运系统送入细胞内，然后被细胞内的一系列肽水解酶进一步降解到
短链肽或者氨基酸。应用比较基因组学工具，我们具体研究了乳酸菌的蛋白水解酶系统，包
括以上描述的蛋白酶和肽水解酶，以及多肽转运系统（第二章）。作为例子，肽水解酶家族
PepP/PepQ/PepM, PepD and PepI/PepR/PepL的分类说明了使用生物信息工具可区分有着不同底
物特异性的次家族。通过比较脯氨酸多肽水解酶（the proline peptidases PepI/PepR/PepL）和酯
酶（esterase A）的蛋白质3D结构，改进了它们所属的超级蛋白家族的功能注释。另外，使用
pangenome比较基因组杂交技术（comparative genome hybridization analysis），我们比较了乳酸
乳球菌39个菌株的蛋白水解酶系统。 我们发现细胞壁蛋白酶PrtP，多肽转运系统Opp，以及
多种多肽水解酶不均匀分布于乳酸乳球菌的不同亚种和有着不同的来源的菌株中（例如用于
植物或乳制品发酵的菌株）。
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从酪蛋白到风味物质的第二步是将蛋白质水解得到的氨基酸进一步降解。同样地，应
用生物信息方法和比较基因组学手段，我们研究了参与侧链氨基酸，芳香氨基酸和含硫氨基
酸降解路径的酶，尤其是直接影响到风味物质形成的酶（第三章）。种系发生学研究表明用
演化树可以从超级蛋白质家族中区分出功能分族，不同的酶分族具有不同的底物特异性。通
过具体的功能分族，我们大大改进了这些酶蛋白的基因注释。在不同的菌种间，甚至在不同
的菌株间，风味物质形成酶分布呈现出巨大差异。这些差异大致与不同乳酸菌的风味物质产
出能力相吻合。此研究成果可以更加直接地用于引导未来试验设计，基因组的测序，以及应
用于工业快速筛选改进产品风味的乳酸菌菌种。
调控机制
我们同时研究了参与风味物质形成路径的各类酶的调控机制，尤其注重于对调控半
胱氨酸和蛋氨酸的代谢途径的研究。通过确定直系同源基因（orthology），基因环境（gene 
context）比较，转录因子结合序列研究，我们发现并比较了12种酶的编码基因在20种不同的
乳酸菌中的调控机制，包括已知的转录因子CmbR和MetR/MtaR，及其可结合未知转录因子的
新序列。应用隐马尔可夫模型（Hidden Markov Model）搜索乳酸菌完整基因组，我们确定了
另一种RNA层次的调控机制riboswitch, 包括T-box和S-box，同样可以控制某些半胱氨酸和蛋氨
酸代谢酶的转录。
代谢路径的重新架构
重新架构生物体的代谢网络往往取决于它基因组的基因或者蛋白的功能注释。很多情
况下，已发布的基因组序列里存在着很多错误信息，这些错误信息直接导致了重组代谢网络
的不完整。很多高通量方法观测到的代谢产物，尤其是次级代谢产物，不能整合到代谢网络
中。为了解决上述问题，本书阐述了一种新的研究方法（Reverse Pathway Engineering），首
次结合了化学信息学和生物信息学来预测未知的生化反应，以联系目标代谢产物和它们可能
的代谢前物。使用此方法，我们成功证实了已知的风味物质形成路径，并且预测了在风味物
质形成路径上的未知酶催化反应。这些新反应的发现填补了风味物质代谢路径中的空白，并
为进一步的代谢工程学研究提供了线索。此新方法还可以广泛应用于系统生物学，合成生物
学，以及蛋白质工程领域。
共生关系
最后，我们研究了用于酸奶发酵的德氏乳杆菌保加利亚亚种和嗜热链球菌间的共生
互利关系，追溯了它们共同进化过程中可能发生的水平基因转移事件。使用电脑模拟（in 
silico）, 结合基因结构和基因转移机制的相关特性研究，我们估测出德氏乳杆菌保加利亚亚
种和嗜热链球菌基因组中的水平基因转移事件，包括一系列细胞外多聚糖（EPS）合成基因
和一个参与含硫氨基酸代谢的操作子。在此研究中，我们发现它们在遗传因子层面也存在着
紧密的联系。这种紧密联系可能是两种乳酸菌于奶制品里长期共存过程中优化的结果。
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Chapter 2, Figure 2.4. Superposition of 3D structures of proline iminopeptidases 1WM1 (yellow) and 1MTZ (green), and 
esterase 2UZ0 (purple). The structure of 1AZW is highly similar to 1WM1 and is not shown. (A) The 4 conserved structural core 
segments are shown as thick tubes, and the variable segments as thin sticks connecting C-alpha atoms. The variable large cap regions 
of the peptidases, which do not superpose, are at the bottom half of the ﬁgure. Note that the esterase has a much shorter connecting 
segment in this cap region. The red frame indicates the position of the active site, which is shown as the zoomed-in view in Panel B. 
(B) The catalytic site is shown with catalytic residues Ser, His and Asp. The active site is enlarged and rotated by about 180 degrees 
relative to Panel A. A short stretch of the cap region in both peptidases is shown, bearing the Glu residues that interact with the positive 
charge of the peptide substrate N-terminus. Note that the side chains of the two Glu residues superpose very well, despite coming from 
different (non-superposable) parts of the cap region.
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Chapter  3. Figure 3.1. Phylogenetic 
tree of lactic acid bacteria constructed 
on the basis of concatenated alignments 
of four subunits (alpha, beta, beta’, 
and delta) of the DNA-dependent 
RNA polymerase. Different colors 
represent the various origins or usages 
of LAB: red for dairy fermentation, 
blue for other fermentation such as beer, 
wine, plants or meat, green for GI-tract 
bacteria. The Lb. acidophilus group is 
framed. Lb. for Lactobacillus, Lc. for 
Lactococcus
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Chapter 2. Figure 2.5. 
Superfamily tree of PepI/
PepR/PepL and EstA mem-
bers. Based on MSA of the 
concatenated sequences of 
the four structural core re-
gions identiﬁed by the pro-
tein 3D structure alignment. 
Orthologous proteins are 
indicated by the same color. 
The PepR subgroup from 
LAB is shadowed in pink, 
and the PepL subgroup is 
shadowed in yellow. The 
bacterial phyla are indicated. 
Red dots indicate the experi-
mentally characterized genes 
and red triangles indicate the 
protein 3D structures used 
for the analyses. The event 
of the substitution of catalyt-
ic residue aspartate by gluta-
mate in the PepR subgroup is 
indicated in the tree.
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Chapter 3. Figure 3.4. Phylogenetic tree of the CysK/CBS family. Different colors represent orthologous groups. Red Squares 
represe? -
cates. Red dots indicate the experimentally veriﬁed genes from Lc. lactis subsp. cremoris MG1363 (LLM_CysK), Bacillus subtilis 
(BSU_CysK and BSU_yrhA_CBS) and Fusobacterium nucleatum (FN_CysK). The subfamilies related to the tryptophan synthase 
β-s? -
responding genes are associated with speciﬁc amino acid biosynthesis gene clusters (data not shown). The GI code of each protein in 
the family is preceded by its corresponding genome abbreviation. 
Chapter 3. Figure 3.5. Neighbor-
joining tree of the CBL/CGL lyase 
family. Different colors represent 
orthologous groups. Red Squares 
represent duplication events, while 
green circles represent speciation 
events. Bootstrap values were calcu-
lated for a total of 1000 replicates. 
Experimentally characterized pro-
teins are indicated by red dots, in-
cluding CGL, CBL and CGS from 
B. subtilis (BSU_yrhB_CGL, BSU_
yjcJ_CBL and BSU_yjcI_CGS 
respectively), the CBL/CGL from 
Lc. lactis subsp. cremoris MG1363 
and NIZO B78 (LLC1_MetC and 
LLC2_MetC respectively), the 
MetB from Lb. casei (LCA_MetB), 
the CGS from Streptococcus angi-
nosus (SAN_CGS), as well as the 
AHSH (cysD gene) from Emeri-
cella nidulans (NAI_CysD). The GI 
codes of the other LAB proteins in 
this family are shown after the ge-
nome abbreviation.
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Chapter 5, Figure 5.2. Leucine 
catabolism network in lactic acid 
bacteria, including inter-conversion 
pathways between leucine 
degradation and valine catabolism 
(framed by blue box), and between 
leucine degradation and isoleucine 
catabolism (framed by green box). 
Three branches of the further 
degradation of α-keto isocaporate 
(KICA) are: i) conversion to the 
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or ii) via oxidative decarboxylation, 
depicted in blue, or iii) alternatively 
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(HICA), depicted in gold. The 
names of the ﬂavor compounds 
used as input for RPE approach are 
shown in italics. The novel predicted 
reactions are indicated by red dashed 
arrows. Enzymes names are: BcAT, 
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Chapter 6, Figure 6.3. Methionine and cysteine inter-conversion pathway in S. thermophilus and L. bulgaricus. Filled red boxes 
represent the presence of the genes in the three S. thermophilus strains. Filled blue boxes represent the presence of the genes in both L. 
bulgaricus strains. The half-ﬁlled blue box represents a gene only present in L. bulgaricus ATCC BAA365.  White boxes indicate that 
the genes are either absent or pseudogenes. Arrows represent the HGT events and the directions. Gene cysE in L. bulgaricus is truncated 
after the HGT, thus is also shown as a white box. The enzymes in this ﬁgure are: CysE, serine acetyltransferase; CysK, O-acetylserine 
sulfhydrylase; CBL, cystathionine beta lyase; CGL, cystathionine gamma lyase; MetH, homocysteine S-methyltransferase; MetE, 
homocysteine methyltransferase; HSK, homoserine kinase; HSST, homoserine O-succinyltransferase; CGS, cystathionine gamma 
synthase; CBS, cystathionine beta synthase. The distribution of the above genes in S. thermophilus and L. bulgaricus genomes is 
derived from our previous study. Suc-CoA, succinyl coenzyme A; Pi, phosphate.
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After all... tomorrow is another day...
- Margaret Mitchell
